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Abstract 
            Thermoelectric (TE) technology is an environment-friendly one due to reduction 
of carbon emission, which can be widely used either for power generation or for 
refrigeration. Basically applications of TEs are based on TE effects, which involve the 
transition between heat and electricity. Despite the superior advantages of being solid 
state and providing a clean form of energy, TE technology so far only finds its niche area 
of application due to the relatively less efficiency compared to traditional methods.  
              The efficiency of a thermoelectric device is solely determined by the 
dimensionless figure-of-merit (ZT) of thermoelectric materials. According to the 
definition, ZT is equal to square of Seebeck coefficient times electrical conductivity times 
absolute temperature divided by thermal conductivity. Therefore, a good thermoelectric 
material should possess high Seebeck coefficient and electrical conductivity while low 
thermal conductivity, so called phonon glass electron crystal (PGEC). In bulk materials, it 
is challenging to further improve ZT or independently vary individual parameters without 
affecting others, mainly due to the interrelated relationships among these three 
parameters. Fortunately, nano approach gives us some independent control in parameters 
adjustment. One important aspect of nano idea lies in the fact that enhanced boundary 
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scattering due to the increased intensities of interfaces arising from nano-sized grains 
could reduce the thermal conductivity more than the electrical conductivity, which is 
practically realized in our material system.  
               Since the introduction of nano idea, large ZT as high as above two has been 
achieved in the superlattice system. Due to the high fabrication cost of superlattices, they 
are not scalable for mass production. Theoretical calculations indicate that thermal 
boundary resistance is the main mechanism for the low thermal conductivity in 
superlattices, rather than the periodicity. Basically, we hope to achieve the supplattice-
like ZT in the less costly bulk nanograined materials, based on the idea that reduction of 
thermal conductivity which is responsible for ZT enhancement in superlattices can be 
realized in bulk materials with embedded nanostructures as well.  
              Inspired by the nanocomposite idea, in my thesis work I applied the technique of 
ball milling and then hot press to various thermoelectric materials, from low temperature 
to high temperature, demonstrating the feasibility of the approach.  
              By ball milling alloyed ingot into nanopowders and DC hot pressing them, we 
have achieved a 62-89% ZT improvement for p-type half-Heusler samples, mainly due to 
the significantly enhanced Seebeck coefficient and partially due to the moderately 
reduced thermal conductivity. Microstructure studies indicated that increased boundaries 
due to smaller nano-sized grains is the cause for change of parameters. For our ball 
milled samples, the trend of decreasing thermal conductivities with increasing ball 
milling time is observed, further substantiating our nano-approach idea because longer 
ball milling time gives rise to smaller grain sizes and thus stronger boundary scattering. 
By applying the same technique to n-type half-Heuslers, we also successfully obtained 
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pronounced enhancement in ZT especially at medium and low temperature ranges, which 
might be useful in medium temperature power generation.  
               By ball milling a mixture of individual constituent elements into alloyed 
nanopowders and then DC hot pressing them, we did not gain improvement in ZT 
initially for n-type BiTeSe system mainly due to the simultaneous reduced power factor 
with the thermal conductivity. Considering anisotropic properties of the n-type BiTeSe 
single crystal and randomization effect of ball milling process, we repressed the as-
pressed bulk samples in a bigger diameter die, during which lateral flow took place, 
resulting in preferred grain orientation. As a result, a 22% improvement in the peak ZT 
from 0.85 to 1.04 at 125 oC in n-type Bi2Te2.7Se0.3 has been successfully achieved, arising 
from the more enhanced power factor than the thermal conductivity. Compared with 
single crystal, we benefit from the small nano-sized grains in bulk materials. Taking into 
account the in-plane power factor of single crystal, we still have much room for further 
ZT improvement if more ab orientation is promoted into the disk plane and/or the crystal 
plate size and thickness are reduced.  
              By applying our technique of ball milling and then hot press to p-type 
skutterudites system, we have achieved a peak ZT of 0.95 at 450 oC in NdFe3.5Co0.5Sb12, 
which is comparable to that of the state-of-the-art ingot. Our approach has the advantage 
of being less costly and more time-efficient compared to traditional fabrication methods. 
Besides, even lower thermal conductivity and hence higher ZT can be expected, provided 
that the nanosize of the precursor powder is preserved during hot press.  
             The nanocomposite idea has been substantiated and the feasibility and generality 
of our ball milling and then hot press approach has been demonstrated, based on the 
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thermoelectric properties data we obtained and the microstructure studies we carried out 
from various thermoelectric material systems, from low temperature to high temperature. 
We believe that continued effort in the area of thermoelectrics by our approach should be 
paid with superlattice-like ZT if ingenious methods are devised to control the grain 
growth during consolidation.  
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Chapter 1 
Introduction 
               The world’s demand for energy is increasing drastically. Likewise, the 
environmental impact of global climate change resulting from the combustion of fuel 
gases is becoming increasingly alerting. Fortunately, thermoelectric generators can 
scavenge the “free” waste heat, improving the sustainability of our electricity base. 
Thermoelectric (TE) devices, which are semiconductor systems that can be used in waste 
heat recovery by convert it into electrical power or can be used for cooling or heating by 
directly converting electricity into thermal energy, are increasingly being seen as 
potential candidates in making important contributions to reducing greenhouse gas 
emissions and in providing cleaner forms of energy.  
                     Cooling, or refrigeration, is one of the “hot” areas TE materials have been 
primarily used for. Instead of depending on compression and expansion of refrigerant 
gases by traditional compressor methods, TE materials, in contrast, do not rely on liquids 
or gases but rather on the Peltier effect, which will be explained in detail below. In TE 
materials, heat is transported by both the lattice and the charge carriers. Thermoelectrics 
has distinct advantages in the following aspects: 1) it is solid-state, operating without 
moving parts and vibrations; 2) it has high level of reliability; 3) it can function in very 
severe environments; 4) it is environment-friendly. Until recently however, the efficiency 
of TE devices has been frustratingly low, which limits its applications.  
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                     The physics and materials science of thermoelectrics has been studied since the 
early 1820s. In the three decades from 1821 to 1851, the basic thermoelectric effects were 
discovered and understood macroscopically, and their applicability to thermometry, 
power generation and refrigeration was recognized [1-3]. The sole lasting contribution in 
the next 80 years was Altenkirch’s theory of thermoelectric generation and refrigeration 
in 1909 [4] and 1911 [5]. Then in the 1950s Ioffe [6] found that doped semiconductors 
alloys exhibited better thermoelectric performance than pure metals or semiconductors, 
thus giving hope to the realization of reasonably efficient thermoelectric generation and 
practical thermoelectric refrigeration. In the early 1960s many endeavors such as the 
exploration of space, advances in medical physics and the exploitation of the Earth’s 
resources in increasingly hostile and inaccessible locations were creating demands for 
antonomous sources of electrical power [7]. Thermoelectric generators are ideally suited 
to such applications, where their reliability, absence of moving parts and silent operation 
outweigh their relatively high cost and low efficiency (typically less than 5%).  
                    From the above considerations, we can see that thermoelectrics have long been 
too inefficient to be cost effective for most applications. However, a resurgence of 
interest in thermoelectrics began in the early 1990s when theoretical predictions [8, 9] 
suggested that thermoelectric efficiency could be greatly enhanced through nanostructural 
engineering. There are two main ideas based on this approach. Firstly, the use of 
nanoscale constituents necessarily introduces quantum-confinement effects, which are 
exploited to enhance the power factor S2σ [10], where S is the Seebeck coefficient, and σ 
is the electrical conductivity. Secondly, the many interfaces owing to nanostructures 
would be designed in such a way to allow the thermal conductivity to be reduced more 
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than the electrical conductivity, based on differences in their respective scattering lengths 
[11]. Large increases in ZT have been observed in Bi2Te3/Sb2Te3 superlatties (SL) and 
PbTe/PbSeTe quantum dot superlattices (QDSL) [12, 13]. 
                    An additional approach is the exploration and discovery of new thermoelectric 
materials, such as skutterudites [14], clathrates [15], and Zintl phases [16], in which 
disorder and complexity within the unit cell of these complex bulk materials can lead to 
an enhanced efficiency [17]. For example, the skutterudite structure has a large crystal 
unit cell and empty space in the unit cell, which can be filled with other materials, 
allowing the phonon thermal conductivity to be greatly reduced.  
                     With the successful demonstration of the proof-of-principle in low-dimensional 
materials (mostly in superlattices) [12, 13] and the development of a few high 
performance bulk materials [18-20], demands for solid state power generation and 
cooling have increased. Meanwhile however, two indispensable and desirable criteria for 
thermoelectric materials to be commercially used are low cost and high efficiency. For 
example, the fabrication technique for superlattices is too expensive and not scalable for 
mass production despite their high ZT performance. However, a detailed study on the 
correlation of structure and properties suggests that the superlattice structure is not a rigid 
requirement for reducing thermal conductivity. Instead, any samples with large interface 
densities (as in the case of superlattices) would be good enough candidates [21].  
Building on this idea, our group developed a new less-costly technique to fabricate a 
large quantity of nanostructured thermoelectric materials. This technique has been very 
successful on many thermoelectric materials so far. According to their respective optimal 
operation temperature range, these include low-temperature TE materials Bi2Te3 [22], 
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medium-temperature TE materials CoSb3 [23], and high-temperature TE materials SiGe 
[24-26]. We wish to emphasize here that a peak ZT of 1.4 at 100 oC can be achieved in a 
p-type nanocrystalline BiSbTe bulk alloy using this technique [27], which is about 40% 
higher than the state-of-the-art achievement.  
                      In this chapter a brief review of thermoelectric phenomena and current 
challenges is presented. Our approach to fabricating low-cost and high-performance 
thermoelectric materials will be presented as well.  
1.1 Fundamentals of Thermoelectrics 
1.1.1 The Thermoelectric Effects 
                     The thermoelectric effect is the direct conversion of temperature differences to 
electric voltage and vice versa.  A thermoelectric device creates a voltage when there is a 
different temperature on each side. Conversely, when a voltage is applied to it, it creates a 
temperature difference. On an atomic scale, an applied temperature gradient causes 
charge carriers, electrons or holes, to diffuse from the ‘hot’ side to the ‘cold’ side. 
Traditionally, thermoelectric phenomena encompass three distinct effects: the Seebeck 
effect, the Peltier effect and the Thomson effect, each of which will be briefly discussed 
below. 
1.1.1.1 Seebeck Effect 
                    The Seebeck effect is the conversion of temperature differences directly into 
electricity. Figure 1.1.1 shows a schematic of this effect. 
 Fig. 1.1.1 
                     This effect can be illustrated by means of a circuit formed from two different 
conductors (like Cu and Fe shown in Fig.1.1.1) which are connected electrically in series 
but thermally in parallel [28]. If there exists a temperature difference, 
two junctions, an open-circuit voltage will appear. A continuous current in the conductors 
will be generated if a complete loop is formed. 
the measurement of temperature
                     Mathematically, the Seebeck effect is expressed as 
defines the differential Seebeck coefficient, 
temperature differences the relationship is linear. 
referred to as thermopower and represented by symbol “S”. 
1.1.1.2 Peltier Effect 
                     In 1834, the French physicist Jean Charles Athanase Peltier discovered an effect 
which can be viewed as a kind of reverse
Peltier effect. If one considers the reverse situation in Fig. 1.1.1 with an external emf 
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Illustration of the Seebeck effect. 
δT, between the 
This phenomenon has long been used in 
 and is also the principle of power generation.
ab a bα α α= − =
abα  , between elements a and b. For small 
Seebeck coefficient is also sometimes 
 
-Seebeck effect and came to be known as the 
 
V
T
δ
δ
, which 
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source applied across the open circuit ends and a current I flowing around the circuit, 
then a rate of heating q occurs at one junction and a rate of cooling –q occurs at the other. 
The ratio of q to I defines the Peltier coefficient given by  
ab a b
q
I
Π = Π − Π =                                           (1.1.1) 
Here Π  is the Peltier coefficient abΠ  of the entire thermocouple, and aΠ  and bΠ  are the 
coefficients of each material. The Peltier coefficients represent how much heat current is 
carried per unit charge through a given material. From a thermodynamic point of view, 
whenever charge carriers pass through the junction, they must either release or absorb 
thermal energy from the lattice because the carriers have different energy states in 
different materials (semiconductor and metal).    
 
      Fig. 1.1.2 A simple sketch showing heat transfer across the junctions (Presentation at 
DTEC by T. Hogan, MSU). 
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1.1.1.3 Thomson Effect 
                     The last of the thermoelectric effects, the Thomson effect, was observed by 
William Thomson (Lord Kelvin) in 1851.This effect describes the heating or cooling of a 
current-carrying conductor with a temperature gradient. Provided the temperature 
difference is small, the rate q, can be expressed as q I Tβ= ∆ where β  is the Thomson 
coefficient.  
     1.1.1.4 The Kelvin Relationships 
The above three thermoelectric coefficients are related by the Kelvin 
relationships as follows: 
ab ab Tα = Π                                                                                             (1.1.2) 
ab a bd
dT T
α β β−
=
                                                                                           (1.1.3) 
                     Equation (1.1.2) provides a fundamental link between the thermoelectric 
cooling ( Π ) and the thermoelectric power generation (α ). 
1.1.1.5   Thermoelectric Devices 
                    Based on the Seebeck effect and the Peltier effect, thermoelectric devices can be 
employed for power generation and refrigeration respectively. In the simplest case, a 
thermoelectric device consists of a single thermocouple with thermoelements fabricated 
from n- and p-type semiconductors, as shown in Fig. 1.1.3. These two types of 
semiconductor “legs” are connected electrically in series but thermally in parallel.  
                   Electrons and holes carry heat as well as electrical charge. An external battery 
forces both charge carriers (electrons and holes) away from the cold side (left figure in 
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Fig. 1.1.3), leading to cooling. Temperatures as low as 160K can be achieved in some 
thermoelectric devices [29].  
 
Fig. 1.1.3 Brian C. Salas, Science 295, 1248 (2002) 
                    If a temperature gradient is maintained between two sides, part of the heat 
absorbed from the hot side can be converted into electrical power (right figure in Fig. 
1.1.3). For the past forty years, thermoelectric generators have been reliably providing 
power in remote terrestrial and extraterrestrial locations most notably on deep space 
probes such as Voyager.  
                    What limits the further application of a thermoelectric device is its poor 
efficiency, which is determined by the dimensionless figure-of-merit (ZT) of the n- and p-
type semiconductor, regardless of how ‘smartly’ the module is engineered. Detailed 
introduction to ZT is given in the following section. 
1.1.2    Thermoelectric Figure-of-Merit  
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1.1.2.1. The Figure-of-Merit 
            The dimensionless figure-of-merit (ZT) of a thermoelectric material is defined as 
2SZT Tσ
κ
=
                                                     (1.1.4) 
                  ZT totally determines how good a TE material is.  The higher ZT, the better or 
more efficient a thermoelectric material is. In equation (1.1.4), S denotes the Seebeck 
coefficient, or thermopower of a material, which is a measure of the magnitude of an 
induced thermoelectric voltage in response to a temperature difference across that 
material. The Seebeck coefficient has units of V/K, although it is more often given in 
microvolts per Kelvin (μV/K).  σ  denotes the electrical conductivity, κ  denotes the 
thermal conductivity and T denotes operation temperature. Multiplying the quantity Z by 
the operation temperature T makes it dimensionless. The term 2S σ  is called the power 
factor. Therefore, high electrical conductivity, high Seebeck coefficient and low thermal 
conductivity are requirements to be a competitive thermoelectric material. 
                     It is reasonable that ZT is proportional to the square of the Seebeck coefficient 
because the efficiency is proportional to the amount of power generated, which is 
proportional to the square of the voltage created by the Seebeck effect. High electrical 
conductivity gives high ZT because of reducing energy leakage by Joule heating within 
the material. On the other hand, a high thermal conductivity will decrease energy 
conversion efficiency as this enhances heat transfer through the sample, thereby 
preventing a temperature difference from being maintained.  
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1.1.2.2 Conflicting Thermoelectric Material Properties 
              Our goal is to enhance ZT as high as possible. From equation (1.1.4), high 
electrical conductivity, high Seebeck coefficient and low thermal conductivity are 
required in order to have high ZT. In bulk materials, it is challenging to further improve 
ZT due to the interrelated relationships among these three parameters. In other words, we 
cannot independently change individual property without affecting others. In this section, 
we try to illustrate how the electrical conductivity, Seebeck coefficient and thermal 
conductivity are related to each other.              
Carrier Concentration 
              The electrical conductivity (σ ) is related to the carrier concentration n through 
the carrier mobility µ  
neσ µ=
                                                  (1.1.5) 
               For metals or degenerate semiconductors (parabolic band, energy-independent 
scattering approximation [30]), the Seebeck coefficient is given by 
                                             
2/32 2
*
2
8
3 3
Bk m T
eh n
π π
α  =  
 
                                         (1.1.6)        
              Figure 1.1.4 shows carrier concentration dependence of individual 
thermoelectric properties.  
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Fig. 1.1.4 Optimizing ZT through carrier concentration tuning [17] 
               As Fig. 1.1.4 shows, metals not only have high electrical conductivities, but also 
high thermal conductivities because of the Wiedemann-Franz ratio and the low Seebeck 
coefficients. Insulators have high Seebeck coefficients and low thermal conductivities, but 
the electrical conductivities are too low, making ZT low. Peak ZT values typically occur at 
carrier concentrations between 1019 and 1021 carriers per cm3 (depending on the specific 
material), which falls into the range of heavily doped semiconductors. 
Effective Mass 
              The effective mass of the charge carrier provides another conflict as large 
effective mass produces low electrical conductivity while low effective mass gives rise to 
low Seebeck coefficient according to equation (1.1.6). High density-of-states effective 
mass is normally related to heavy carriers, which will move with slower velocities, 
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resulting in smaller mobility and thus lower electrical conductivity. Basically high ZT is a 
trade-off between effective mass and mobility and can be found within a wide range of 
effective masses and mobilities: from low mobility, high effective mass polaron 
conductors (oxides [31], chalcogenides [32]) to high mobility, low effective mass 
semiconductors (SiGe, GaAs). 
Electronic Thermal Conductivity  
             Additional materials design conflicts stem from the necessity for low thermal 
conductivity. The thermal conductivity in thermoelectric materials is comprised of 
electronic contribution eκ  and phonon (lattice) contribution lκ . eκ  is directly related to the 
electrical conductivity through the Wiedemann-Franz law, which is expressed as follows: 
                                                         e lκ κ κ= +                                                       (1.1.7) 
and 
                                                         e L Tκ σ=                                                         (1.1.8) 
where L is the Lorenz number, which is 2.4×10-8 J2 K-2C-2 for metals. 
              In the case of very high electrical conductivity or very low thermal conductivity, 
ZT is mainly determined by the Seebeck coefficient, as can be seen in equation (1.1.9), 
where ( ) 1l eκ κ = : 
                                                                  
2
1 l
e
S LZT
κ
κ
=
+
                                                (1.1.9) 
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Lattice Thermal Conductivity 
              Although glasses exhibit the lowest thermal conductivity [33], they are not good 
thermoelectric materials mainly due to the lower mobility arising from the increased 
electron scattering. Our purpose is thus to reduce the thermal conductivity without 
deteriorating the electronic properties too much. Also importantly, Phonons of different 
length scales need to be scattered because of a phonon spectrum of wide-spread wave 
lengths and mean free paths [34].  
             Good thermoelectric materials therefore require type of ‘phonon-glass electron-
crystal’ (PGEC) [35]. PGEC materials would possess good electronic properties normally 
associated with crystalline semiconductors but would have low thermal conductivity 
associated with glass-like materials. In chapter 5, we will introduce the skutterudites, a 
good example of PGEC concept. 
1.1.2.3 Necessary Criteria for High Performance Thermoelectric Materials 
                      From the discussion above, the best thermoelectric materials should have the 
following properties: 
1. Elements with large atomic weights and with large spin-orbit coupling [36]. 
2. Low band gaps, but not so low as to have carriers of both signs at the operating 
temperature. Normally Eg ~ a few kBT. 
3. Range of carrier concentration lies between 1019 and 1021 cm-3. 
4. Low average electronegativity differences between elements [37, 38]. 
5. Alloyed compounds with more than two elements.  
6. Multivalley band structures. 
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            It should be noted that these are just some general criteria for high ZT 
thermoelectric materials. There may exist some other TE materials which are partially 
contradictory to the above guidelines.  
1.1.2.4 State-of-the-art High-ZT Materials 
                    A thermoelectric material operates at its maximum figure-of-merit at a specific 
temperature. According to their optimal temperature of performance, thermoelectric 
materials can be divided into three groups: low-temperature TE materials (300K to 500K), 
mid-temperature TE materials (500K to 900K) and high-temperature TE materials 
(>900K). 
                    Bismuth telluride (Bi2Te3) based alloys have been proven to be superior to other 
materials for near-room temperature thermoelectric applications.  
                    For mid-temperature power generation (500K to 900K), materials based on lead 
telluride (PbTe) are commonly used. Skutterudites are very attractive due to the large 
voids which can be filled with filler atoms to reduce thermal conductivity. Recently half-
Heusler alloys emerge as promising medium-to-high-temperature TE materials mostly 
due to their thermal stability, mechanical sturdiness and non-toxicity.  
                    Silicon-germanium alloys are successful candidates for high-temperature 
(>900K) TE applications.  
1.1.3 Efficiency of Thermoelectric Devices 
                    Presently, the use of thermoelectric devices is limited by their low efficiency, 
mainly due to the poor ZT of thermoelectric materials comprising the TE devices. As 
discussed in Section 1.1.1.5, thermoelectric devices can work either as a power generator 
 or as a refrigerator depending on whether a load or an external power source is connected 
in the outer circuit. 
                     The efficiency of the generator is given by
          
η = (energy supplied to the load)
        Through calculation and optimizatio
                                      =η
           Where T is equal to (
hot source and hot sink. (T
thermodynamic machine. From Equation (1.1.10), higher 
When ∞→ZT , →η Carnot efficiency. It is 
of the percentage of Carnot efficiency. 
 
 
 
 
 
 
 
Fig. 1.1.5 Theoretical efficiency of ideal thermoelectric devices working at
different hot-side temperatures
15 
 
 divided by (heat energy absorbed at hot junction)
n, the maximum efficiency is given by
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              The energy efficiency of a refrigerator is measured by its coefficient of 
performance, COP, defined as 
             COP = (heat absorbed) divided by (electrical power input) 
             The maximum coefficient of performance is given by 
                                          
1
2
max 1
2
(1 )
( ) (1 ) 1
H
C
C
H C
TT ZT
T
T T ZT
 
+ − 
 Φ =
 
− + + 
 
                                       (1.1.11) 
                    For refrigeration purposes, an important quantity is the maximum temperature 
difference that can be achieved when the thermal load is zero. It is found that  
                                                               
2
2
max
CZTT =∆                                              (1.1.12) 
                     In Fig. 1.1.9 this maximum temperature difference is plotted against ZT with the 
sink temperature, TH, set at 300K. 
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Fig. 1.1.6 Maximum temperature difference for a single stage thermoelectric 
refrigerator plotted against ZT. The heat sink is set at 300 K. 
1.1.4 Thermoelectric Transport Theory 
1.1.4.1 The Boltzmann Equation 
              In the absence of external fields or temperature gradients, the charge carrier 
distribution is given by Fermi-Dirac distribution function [39]: 
                                             
1exp
1)(0
+



 −
=
Tk
EE
Ef
B
F
                                       (1.1.13) 
where E is the energy of the charge carrier, EF is the Fermi energy, kB is the Boltzmann 
constant, and T is the absolute temperature. 
1.1.4.2 Electrical Conductivity 
              Using Boltzmann’s equation a general expression for electrical conductivity can 
be written as 
                                                kd
E
fkvkve 303
2
)()(
4 ∂
∂
= ∫
ρρρρτ
τ
π
σ                                       (1.1.14) 
Here στ  is a symmetric second rank tensor, τ  is the relaxation time, )(kv
ρρ
 is velocity of 
the carriers, and 0f  is the distribution function. The temperature dependence of electrical 
conductivity comes through the 
E
f
∂
∂ 0
 term.  
                    In order to derive the electrical conductivity for an intrinsic and non-degenerate 
semiconductor, we make three assumptions below: 
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1. Because TkEE BF >>− )( , the Fermi-Dirac distribution function can be simplified as 
                  )exp(
1)exp(
1)(0 Tk
EE
Tk
EEEf B
F
B
F
−≈
+−
=                                       (1.1.15) 
Since E is usually measured with respect to the bottom of the conduction band, EF  is a 
negative energy and it is therefore convenient to write )(0 Ef as 
                                 )exp()exp()(0 TkETk
EEf
BB
F −−≈                                         (1.1.16) 
2. A constant relaxation time τ  independent of k
ρ
 and E is assumed. 
3. We consider an isotropic, parabolic band, with ∗= mkE 222η . 
Under the above approximations, the electrical conductivity can be expressed as 
                                      )/exp()
2
(2 2/32
*
*
2
TkETkm
m
e
BF
B −=
ηπ
τ
σ                                    (1.1.17) 
According to the Drude model, ∗= m
ne τ
σ
2
, the carrier concentration can be expressed as 
                                               )/exp()
2
(2 2/32
*
TkETkmn BFB −= ηπ
                                (1.1.18) 
1.1.4.3 Seebeck Coefficient 
                  Following similar arguments as those above for the electrical conductivity, a 
general expression for the Seebeck coefficient can be given as 
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This can be further simplified as 
                                     )(
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))((1
F
F EE
dEE
dEEEE
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−
=
∫
∫ α
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                                   (1.1.20) 
                    It is worth noting here that the Seebeck coefficient is proportional to the 
expectation value of the difference between the energy of the carriers and the Fermi 
surface. If we can selectively scatter the low energy elections while let the high energy 
electrons pass through, higher Seebeck coefficient could be expected, which has been 
reported several times [40]. For our nano-approach, a similar effect is realized when the 
grain size is roughly equal to the Bohr radius of the corresponding materials. 
                     For metals, or highly degenerate semiconductors, the Seebeck coefficient can be 
represented by Mott’s formula which contains the logarithmic derivative of the electrical 
conductivity, σ, evaluated at the Fermi energy EF [41] 
                                                           
FEE
B
Ee
TkS =∂
∂
−=
σπ ln
3
22
                                                               (1.1.21) 
1.1.4.4 Thermal Conductivity 
When charge carriers pass through a material, they transport electrical energy as 
well as thermal energy. In addition, thermal energy can be transferred by phonons. Thus 
the total thermal conductivity is composed of two parts: electronic part and lattice/phonon 
part. 
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Electronic Part 
                     The electronic contribution to total thermal conductivity is proportional to the 
electrical conductivity, as indicated by the Wiedemann-Franz law (equation 1.1.8).  In 
heavily-doped semiconductors, the lorenz number is lower than that of metals [42].  
Lattice Part 
                   In bulk materials we cannot optimize the above parameters independently due to 
the relationships with each other. However, lattice part of thermal conductivity gives us 
some independent control in improving ZT.                        
                   According to the kinetic theory of gases, lattice thermal conductivity kl in terms 
of the mean free path l of the phonons can be expressed as: 
                                                               
3
lvCk sVl =                                                           (1.1.22) 
      where CV is the specific heat and vs is the speed of sound. 
                  In our experiments, we limit the phonon mean free path mainly by enhancing the 
boundary scattering through nanostructures and/or the alloying scattering via elemental 
substitution.  
      Scattering Mechanisms in Semiconductors 
                     The net effect of various scattering processes is usually taken into account by 
assuming that the scattering rates are additive. The total scattering rate is given by:  
                                         
itotal ττττ
1111
21
+⋅⋅⋅⋅++=                                (1.1.23) 
       where τi refers to the relaxation time due to the ith scattering mechanism 
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       The major phonon scattering processes in thermoelectric materials are alloy 
disorder, grain boundary, phonon-phonon and phonon-electron scattering.  
1.1.4.4.1 Alloy Disorder 
                    Alloy disorder scattering is one of the ways to achieve a reduction in the lattice 
thermal conductivity, which has been proven successful in Si-Ge systems. The aim of this 
method is to scatter phonons more effectively than electrons so that ratio of electrical 
conductivity to thermal conductivity increases.  
              Phonon relaxation time in solid solutions, which is associated with the phonon 
mean free path, can be expressed as follows [43]:              
                                                        
1 2 ( ) / 6pd g Nτ ω ω− = Γ                                            (1.1.24) 
where Г is a measure of the strength of the scattering, given by [44] 
               
( ) ( ) ( ){ }22 2 6.4i i i i if M M G G γ δ δ Γ = ∑ Γ = ∆ + ∆ − ∆  
                        
(1.1.25) 
fi is the fractional concentration of the impurity atom. Mi, Gi and δi is atom mass, stiffness 
constant with the host atom and cube root of the atomic volume, respectively. From 
(1.1.25), alloy scattering is most efficient in reducing lattice thermal conductivity when 
guest atoms differ considerably from the host atom in mass, size and the force constant. 
1.1.4.4.2 Scattering by Grain Boundaries 
                     The phonon-phonon scattering, main mechanism for phonon scattering around 
room temperature, can limit the phonon mean free path to some small value. The phonon 
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mean free path can be further reduced when sample dimensions are smaller than the mean 
free path limited by other scattering processes. On the other hand, sample dimensions can 
not be too small to affect the electronic properties. Therefore, there exists a window in 
which sample dimensions are preferred to lie.  
                   Grain boundary scattering in polysilicon can be expressed using the inverse 
relaxation time [45] 
                                                     
1 1 ( )
1 ( )g g
v p
d p
ω
τ
ω
−  −=  + 
                                              (1.1.26) 
Where dg is the average size of the sample, v is average phonon velocity and p(ω) is the 
probability of specular transmission.  
1.1.4.4.3 Phonon-phonon Scattering 
                    The scattering mechanism that is most important at high temperatures is phonon-
phonon scattering. In an anharmonic process, wave vector conservation applies: 
1 2 3k k k+ =
ur uur uur
(‘normal’ process) and 1 2 3k k k K+ = +
ur uur uur uur
(‘Umklapp’ process). Only Umklapp 
process reduces the phonon mean free path while the normal process does not construct 
resistance to the heat flow. 
1.2 Outline of My Work 
              During three decades between 1960 and 1990, the field of thermoelectrics 
received little attention from the worldwide scientific research community. In the early 
1990s, the US Department of Defense (DOD) encouraged thermoelectric community to 
re-explore research opportunities so that thermoelectric materials can be commercially 
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used for cooling or power generation [10]. Thanks to this stimulation, two different 
research routes were under way: one focusing on new thermoelectric materials [19, 20] 
and the other using low-dimensional materials systems following the theoretical 
predictions of Dresselhaus et.al [8, 9].  
                     Large increases in ZT have been observed in Bi2Te3/Sb2Te3 superlattices (SL) 
and PbTe/PbSeTe quantum dot superlattices (QDSL) [12, 13], which confirms the 
validity of the low-dimensional or nano-approach, experimentally. One common feature 
of these high-performance thermoelectric materials is that the majority of ZT 
enhancements result from the reduction of thermal conductivity with little or no benefit in 
the power factor. There are two main explanations for the reduction of thermal 
conductivity in low-dimensional systems. The first one treats the phonon as a coherent 
wave [46-50]. However, more reduction of thermal conductivity was observed from 
experimental results in comparison to modeling results [51-54], suggesting that some 
other reason should account for the thermal conductivity reduction in nanostructures. 
Another explanation is that the reduction of thermal conductivity is a classic size effect 
[55-58], which suggests that thermal reduction mainly arises from enhanced boundary 
scattering. Due to differences in their respective scattering lengths, the thermal 
conductivity is reduced more than the electrical conductivity, resulting net gain in ZT. 
Using an approach incorporating partially diffuse and specular interface scattering, there 
is good consistence between theoretical simulations and experimental results, 
corroborating the idea of grain boundary effect.   
                     Despite the fact that high ZT has been achieved in superlattice systems, the 
length of time and high cost of fabrication hinder them from mass production. Our group 
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has developed a cost- and time-effective method to produce materials with large 
boundary densities. High figure-of-merit values in nanostructured bulk bismuth antimony 
telluride has been demonstrated by ball milling either the alloyed bulk crystalline ingots 
into nanopowders [27] or a mixture of elemental chunks into alloyed nanopowders [22], 
and consolidating the nanopowders into bulk samples with nano features inside by direct 
current hot-press method. However, the generality of this approach has not been 
demonstrated yet. Both n- and p-type thermoelectric materials of high performance are 
demanded for different temperature ranges, from low temperature to high temperature, 
according to specific requirements of operation temperature.  
                    The major goal of my work is to apply the nano-approach extensively to other 
thermoelectric materials and also to understand the underlying physics on these nano-
structured materials. Experimental results will be included in Chapter 3 and 4 for n-type 
BiTeSe samples. Chapter 3 deals with optimization of Bi2Te3-xSex systems by varying the 
composition x. Some repeating results of Bi2-xSbxTe3 are included in chapter 3 as well. 
Chapter 4 shows a ~ 22% improvement in peak ZT values in n-type Bi2Te2.7Se0.3 
(optimized Bi2Te3-xSex composition in chapter 3) by re-pressing the as-pressed samples. 
Experimental results of p-type skutterudites (medium temperature TE material) are 
presented in chapter 5. In chapter 6 we show the results of both p- and n-type half-heusler 
samples (medium to high temperature TE material) by ball milling the ingots. Specifically, 
we achieved a peak ZT of 0.8 at 700 oC for the p-type half-heusler samples, 60% higher 
than that of the original ingot. Measurement techniques are summarized in chapter 2.  
1.3 References 
25 
 
1. Seebeck, T.J., Magnetic polarization of metals and minerals, Abhandlungen der 
Deutschen Akademie der Wissenschaften zu Berlin, 265, (1822-1823). 
2. Peltier, J. C., Nouvelles experiences sur la caloricite des courans electrique, Ann. 
Chim., LV1 371, (1834). 
3. Thomson, W., On a mechanical theory of thermoelectric currents, Proceedings of 
the Royal Society of Edinburgh, 91, (1851). 
4. Altenkirch, E., Uber den Nutzeffeckt der Thermosaule, Physikalische Zeitschrift, 
10, 560, (1909). 
5. Altenkirch, E., Electrothermische Kalteerzeugung und Reversible Electrische 
Heizung, Physikalische Zeitschrift, 12, 920, (1911). 
6. A. F. Ioffe, Semiconductor Thermoelements and Thermoelectric Cooling, 
Infosearch, London (1957). 
7. Rowe, D. M. and Bhandari, C. M., Modern Thermoelectrics, Holt Technology 
(1983). 
8. L. D. Hicks, M. S. Dresselhaus, Physical Review B 47, 12727 (1993). 
9. L. D. Hicks, M. S. Dresselhaus, Physical Review B 47, 16631 (1993). 
10. M. S. Dresselhaus et al., “New directions for low-dimentional thermoelectric 
materials”, Adv. Mater. 19, 1043 (2007). 
11. G. Chen, Phys. Rev. B: Condens. Matter Mater. Phys. 57, 14958 (1998). 
12. R. Venkatasubramanian, E. Siivola, T. Colpitts, B. O’Quinn, Nature 413, 597 
(2001). 
13. T. C. Harman, P. J. Taylor, M. P. Walsh, B. E. LaForge, Science 297, 2229 (2002). 
26 
 
14. C. Uher in Thermelectric Materials Research I (ed. T. Tritt) 139-253 
(Semiconductors and Semimetals Series 69, Elsevler, 2001). 
15. G. S. Nolas, J. Poon, M. Kanatzidis, “Recent developments in bulk thermoelectric 
materials”, Mater. Res. Soc. Bull. 31, 199 (2006). 
16. S. M. Kauzlarich, S. R. Brown, G. J. Snyder, “Zintl phases for thermoelectric 
devices”, Dalton Trans. 2009-2107 (2007).  
17. G. J. Snyder, E. S. Toberer, nature materials 7, 105 (2008). 
18. K. F. Hsu, S. Loo, F. Guo, W. Chen, J. S. Dyck, C. Uher, T. Hogan, E. K. 
Polychroniadis, M. G. Kanatzidis, Science 303, 818 (2004). 
19. G. S. Nolas, G. A. Slack, D. T. Moreli, T. M. Tritt, A. C. Ehrlich, J. Appl. Phys. 79, 
4002 (1996). 
20. J. P. Fluerial, T. Caillat, A. Borshchevsky, in proceedings of the 13th international 
conference on thermoelectric, pp. 40 (1994). 
21. G. Chen, 2001 “Phonon Heat Conduction in Low-Dimensional Structures”, 
Semiconductors and Semimetals, Recent Trends in Thermoelectric Materials 
Research, Vol. 71, pp. 203-259, Ed. T. Tritt, Academic press, San Diego. 
22. Y. Ma, Q. Hao, B. Poudel, Y. C. Lan, B. Yu, D. Z. Wang, G. Chen, Z. F. Ren, 
Nano Lett. 8, 2580 (2008). 
23. J. Yang, Q. Hao, H. Wang, Y. C. Lan, Q. Y. He, A. Minnich, D. Z. Wang, J. A. 
Harriman, V. M. Varki, M. S. Dresselhaus, G. Chen, Z. F. Ren, Phys. Rev. B 80, 
115329 (2009). 
27 
 
24. X. W. Wang, H. Lee, Y. C. Lan, G. H. Zhu, G. Joshi, D. Z. Wang, J. Yang, A. J. 
Muto, M. Y. Tang, J. Klatsky, S. Song, M. S. Dresselhaus, G. Chen, Z. F. Ren, 
Appl. Phys. Lett. 93, 193121 (2008). 
25. G. Joshi, H. Lee, Y. C. Lan, X. W. Wang, G. H. Zhu, D. Z. Wang, A. J. Muto, M. Y. 
Tang, M. S. Dresselhaus, G. Chen, Z. F. Ren, Nano Lett. 8, 4670 (2008). 
26. G. H. Zhu, H. Lee, Y. C. Lan, X. W. Wang, G. Joshi, D. Z. Wang, J. Yang, D. 
Vashaee, H. Guilbert, A. Pillitteri, M. S. Dresselhaus, G. Chen, Z. F. Ren, Phys. 
Rev. Lett. 102, 196803 (2009). 
27. B. Poudel, Q. Hao, Y. Ma, Y. C. Lan, A. Minnich, B. Yu, X. Yan, D. Z. Wang, A. 
Muto, D. Vashaee, X. Y. Chen, J. M. Liu, M. S. Dresselhaus, G. Chen, Z. F. Ren, 
Science 320, 634 (2008). 
28. C. Uher, in Thermoelectrics Handbook: Macro to Nano (Ed: D. M. Rowe), Taylor 
and Francis, CRC, Boca Raton, FL (2006). 
29. C. Salas, Science 295, 1248 (2002) 
30. M. Cutler, J. F. Leavy, R. L. Fitzpatrick,  Phys. Rev., 133, A1143-A1152 (1964). 
31. K. Koumoto, I. Terasaki, R. Funahashi, Mater. Res. Soc. Bull. 31, 206 (2006). 
32. G. J. Snyder, T. Gaillat, J.-P. Fleurial, Phys. Rev. B 62, 10185 (2000). 
33. G. A. Slack (ed.) Solid State Physics (Academic Press, New York, 1979). 
34. C. Dames, G. Chen Thermoelectrics Handbook Macro to Nano (ed. D. M. Rowe) 
Ch. 42 (CRC, Boca Raton, 2006). 
35. G. A. Slack in CRC Handbook of Thermoelectrics (ed. D. M. Rowe) 407-440 
(CRC, Boca Raton, 1995). 
36. P. Larson, S. D. Mahanti, and M. G. Kanatzidis, Phys. Rev. B 61, 8162 (2000). 
28 
 
37. T. M. Tritt, Science 272, 1276 (1996). 
38. D. M. Rowe, Renew. Energ. 16, 1 (1999). 
39. J. F. Nye, in Physical Properties of Crystals, Oxford University Press (1979). 
40. J. P. Heremans, C. M. Thrush, D. T. Morelli,  Physical Review B, 70, 115334 
(2004). 
41. N. Cutler, N. F. Mott, Phys. Rev. 181, 1336 (1969). 
42. G. D. Mahan, M. Bartkowlak, Appl. Phys. Lett. 74, 953 (1999).  
43. P. G. Klemens, Proc. Phys. Soc. (London) A 68, 1113 (1955). 
44. P. Carruthers, Rev. Mod. Phys. 33, 92 (1961). 
45. S. Uma, A. D. Mcconnell, M. Asheghi, K. Kubayashi, K. E. Goodson, 14th 
Symposium on Thermophysical Properties, CO, June 25-30, 2000. 
46. C. Colvard et al., Physical Review B 31, 2080 (1985). 
47. V. Narayanamurti, H. L. Stormer, M. A. Chin, A. C. Gossard, and W. Wiegmann, 
Physical Review Letters 43, 2012 (1979). 
48. S. Tamura, D. C. Hurley, and J. P. Wolfe, Physical Review B 38, 1427 (1989). 
49. G. Chen, Journal of Heat Transfer 121, 945 (1999). 
50. P. Hyldgaard, G. D. Mahan, Physical Review B 56, 10754 (1997). 
51. T. Borca-Tasciuc et al., Superlattices and Microstructures 28, 199 (2000). 
52. S. M. Lee, D. G. Cahill, R. Venkatasubramanian, Applied Physics Letter 70, 22 
(1997). 
53. W. L. Liu, T. Borca-Tasciuc, G. Chen, J. L. Liu, K. L. Wang, Journal of 
29 
 
Nanoscience and Nanotechnology 1, 39 (2001). 
54. B. Yang, G. Chen, Microscale Thermophysical Engineering 5, 107 (2001). 
55. G. Chen, Journal of Heat Transfer 119, 220 (1997). 
56. G. Chen, Physical Review B 57, 14958 (1998). 
57. G. Chen, M. Neagu, Applied Physics Letter 71, 2761 (1997). 
58. S. Y. Ren, J. D. Dow, Physical Review B 25, 3750 (1982). 
 
 
 
 
 
 
 
 
 
 
 
30 
 
Chapter 2 
Measurement and Characterization Techniques for 
Thermoelectric Materials 
2.1 Introduction 
                  The efficiency (η) and coefficient of performance (COP) of a thermoelectric 
device are directly related to the dimensionless figure of merit of the thermoelectric 
material or materials: 2ZT S Tσ κ= , where S is Seebeck coefficient, σ is the electrical 
conductivity, and κ is the total thermal conductivity. The essence of defining a good 
thermoelectric material lies primarily in ZT value of the material. These quantities are 
closely related to more fundamental parameters such as the carrier mobility (µ), the 
effective mass (m*), and the carrier concentration (n). 
                    It is extremely important to obtain reliable and accurate measurements of 
individual electrical and thermal properties of thermoelectric materials to get the correct 
ZT values. Although ZT can be directly obtained by the Z-meter method [1], independent 
measurements  of  the  electrical  conductivity,  the  Seebeck  coefficient,  and  the  
thermal conductivity  are  often  required  for  optimizing  material  properties  and  
selecting  new materials.                       
                    It is also very important in the first step to identify systematic errors in order to 
know the accuracy of experiment [2]. We can check the accuracy of our experimental 
setup by using standard samples (materials with known and established properties), 
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especially those standard samples matching thermoelectric properties of materials in our 
interest.  
                    In order to obtain trustable ZT, individual thermoelectric properties should be 
measured from the same sample and from the same orientation to avoid problems of 
inhomogeneity and anisotropy. In addition, it is best to take all measurements as closely 
in time as possible in order to eliminate deterioration effects. Establishing excellent 
electrical contacts to these thermoelectric materials is also an essential factor. Sample 
surface should be carefully prepared to achieve good adhesion and low resistance 
contacts because oxide layers may easily be deposited on the surface of TE materials of 
our interest.  
                    In this chapter, various measurement techniques used in characterization of the 
thermoelectric properties will be summarized. Underlying measurement principles and 
challenges will be briefly described as well. In our measurements, we employed 
commercially available equipment (ZEM-3, Ulvac Inc.) for simultaneous electrical 
conductivity and Seebeck coefficient measurements up to 900 oC, commercial Nanoflash 
equipment for thermal diffusivity measurements up to 900 oC (Nanoflash LFA 447, 
Netzsch Instruments, Inc.) and commercial equipment for specific heat measurements up 
to 600 oC (DSC 200 F3 Maia®, Netzsch Instruments, Inc.). 
2.2 Electrical Conductivity Measurement 
2.2.1 Measurement Principles 
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                  The electrical conductivity is the reciprocal (inverse) of the electrical resistivity. 
To eliminate the contributions of contact resistance, a four-probe method is typically used 
in which current is injected through one set of current leads and voltage is measured 
using another set of voltage leads. Figure 2.2.1 below shows a schematic of an electrical 
conductivity measurement system.  
 
 
 
 
 
 
 
 
Fig. 2.2.1 Schematic of a four-probe electrical conductivity measurement. 
                    The electrical resistivity is given by /AR Lρ = , where R is the resistance, L is 
the sample’s length and A is cross-sectional area of the sample. The resistance is deduced 
from the slope of I-V curve. From the above formula, accurately determining the sample 
dimensions and the resistance will obviously reduce the error in calculating accurate 
values of the resistivity.             
                   Peltier effect, favorable for a ‘good’ TE material, may pose significant errors in 
the resistivity measurement. The total voltage measured across the sample is the sum of 
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the Seebeck voltage, VTE = S∆T, and the ohmic voltage, VIR, [i.e., VTotal = S∆T + VIR]. The 
Seebeck voltage can have a significant contribution, even comparable to that of the ohmic 
component, VTE ≈ VIR if thermoelectric materials being measured have large Seebeck 
coefficients. In order to minimize the effects of the Seebeck induced voltage, either AC [3] 
or fast-switching DC [4] can be used to measure the electrical conductivity.  
                    Additionally, in order to ensure one-dimension uniform current flow, the voltage 
leads should be positioned far enough away from the current leads so that 2ol l w− ≥ , 
where l is the total length of the sample, lo is the voltage-probe distance and w is the 
width of the sample. To ensure good contact during measurement, we can remove oxide 
layers on sample surface by mechanically polishing or immersing into bromide liquid just 
before the measurement.  
2.2.2 ZEM-3 
                 In our experiment commercial equipment (ZEM-3, Ulvac, Inc.) was employed to 
measure electrical conductivity and Seebeck coefficient simultaneously. A picture of the 
ZEM-3 equipment is shown in Fig. 2.2.2. All measurements were carried out in a helium 
atmosphere at approximately 0.01 MPa. Figure 2.2.3 shows a picture of the actual sample 
mounted on the sample holder. The sample holder is enclosed in an infra-red furnace and 
surrounded by an isothermal nickel radiation can to ensure a uniform temperature 
environment.  
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Fig. 2.2.2 A picture of the apparatus used to obtain the Seebeck coefficient and electrical 
conductivity measurements (ZEM-3, Ulvac Inc.). 
 
 
              
Fig. 2.2.3 A picture of the sample holder with mounted sample (left) and a schematic of 
the sample dimensions (right). 
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Fig. 2.2.4 A schematic of the electrical conductivity measurement system. 
                    A schematic outlining the method for the electrical conductivity measurement is 
shown in Fig. 2.2.4. The sample was held firmly upright by the moderate spring pressure, 
which ensures a good thermal contact between the heat source/sink and the sample 
surface. The heater was located at the lower side of the sample, which produces a 
temperature gradient along the sample length during the experiment. The two-probe 
thermocouples, which can measure both the temperature and voltage, are held against the 
sample surface by a small spring pressure. As previously mentioned, the distance between 
the probes and the end-plates should be 1.5 times larger than the sample’s characteristic 
lateral dimension (L). The samples being measured were rectangular bars with an 
geometry dimension of 2×2×12 mm. The sample dimensions are measured using a 
micrometer with an accuracy of ±0.001 mm. Normally the probe spacing was ~6 mm for 
all the measurements made. An optical camera was installed to measure the two-probe 
distance precisely. 
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                    Before the start of the actual measurement, an I-V plot is performed to check the 
contact. A linear plot with no intercept and low contact resistance guarantees a good 
contact. During measurement, resistance is determined from the plotted I-V curve at 
different temperatures. Then the electrical conductivity of the sample is calculated from 
its measured resistance using the specimen geometry.  
                   During actual measurements, voltage was measured very quickly to minimize 
errors caused by the Peltier effect. However, a steady temperature gradient may exist 
along the sample during measurement. In reality currents of opposite directions were flew 
through the sample to cancel out the Seebeck voltage contributions. The resistance of the 
sample can be calculated as: 
                                                               
I
VVR
2
21 −=
                                                   (2.2.1)
 
where V1 and V2 are the voltages measured at I+  and I− .  
2.3 Seebeck Coefficient Measurement 
2.3.1 Measurement Principles 
                  Like electrical conductivity, the Seebeck coefficient or thermopower, which is 
essentially the entropy per carrier divided by the charge of the carrier [5], is intrinsically 
related to the material’s electronic structure. Not like electrical conductivity, the Seebeck 
coefficient is not geometry specific and is defined by the ratio of voltage to the 
temperature difference: 
                                    ( ) ( )AB H L H LV T V V T Tα = ∆ ∆ = − −                                         (2.3.1) 
37 
 
where AB B Aα α α= −  is the measured value of the Seebeck coefficient, which includes 
both the sample contribution Aα and the lead contribution Bα . Accuracy in the Seebeck 
coefficient measurements involves in reading the temperatures TH and TL precisely where 
the voltage probes VH and VL were picked up, respectively. A simple schematic of the 
Seebeck measurement is shown below in Fig. 2.3.1.  
 
 
 
 
 
 
Fig. 2.3.1 Schematic of the Seebeck coefficient measurement. 
               Theoretically, the induced voltage vs. temperature difference curve should pass 
through zero in the absence of temperature gradient. However, there always exists some 
non-zero intercept which is called dark emf. Generally speaking, the Seebeck coefficient 
measurement is considered reliable when the dark emf does not exceed 10% of the 
Seebeck voltage signal. 
2.3.2 ZEM-3 
                  As mentioned earlier, we utilized the ZEM-3 apparatus for simultaneous 
electrical conductivity and Seebeck coefficient measurements at temperatures of our 
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interest. During the Seebeck coefficient measurements, no current was applied through 
the sample so that the only source of voltage comes from the Seebeck effect from both 
the sample and probe leads. In a typical measurement, we create and vary a small 
temperature gradient ∆T for each fixed sample temperature T. Then the induced Seebeck 
voltage ∆V is recorded as a function of ∆T. After compensating the thermocouple 
Seebeck value, the Seebeck coefficient of the sample can be computed from the slope of 
the ∆V vs. ∆T curve: 
                                                          TCST
VS +
∆
∆
−=                                                    (2.3.2) 
where STC is the Seebeck coefficient of thermocouple.  
                   A typical Seebeck computation plot is shown in Fig. 2.3.2. The measured 
Seebeck coefficient (-42.5 µ V/K) for a constantan standard sample matches very well 
with the actual value, which confirms the reliability of the Seebeck measurement. 
 
 
 
 
 
 
 
Fig. 2.3.2 Determination of the Seebeck coefficient from ∆V vs. ∆T plot. 
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2.4 Thermal Diffusivity and Heat Capacity Measurement by Laser 
Flash Method 
                  The thermal conductivity measurement is by far the most difficult to reach 
relatively high accuracy due to the surface heat loss and thermal contact resistance. The 
relation describing thermal conductivity in terms of the diffusivity and specific heat is 
given as  
                                                                       Cκ ρ α=                                                (2.4.1) 
where κ is the thermal conductivity, ρ [kg/m3] is the mass density, C [J/Kg K] is the 
specific heat (or heat capacity), and α [m2/s] is the diffusivity. The thermal conductivity is 
then determined indirectly by measuring the thermal diffusivity α and the specific heat Cp 
using a laser flash method introduced in this section and measuring the density using 
Archimedes technique. Another way to measure Cp more precisely will be introduced in 
the next section.  
                    The laser flash method was first described by Parker et al. [6] in 1961 and it has 
been reviewed on a number of occasions [7-9]. A flash tube is utilized to eliminate the 
problem of thermal contact resistance and heat loss is minimized by very short time 
measurements. 
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Fig. 2.4.1 A simple sketch of the Laser flash method. 
             During the actual measurement, one face of sample disc is irradiated by a short 
pulse of heat from a laser while the temperature rise of the opposite surface is recorded, 
from which the thermal diffusivity can be calculated [10]: 
                                                            
2
1/20.1388 /d tα =                                           (2.4.2) 
where t1/2 is the time taken for the rear face to attain half its maximum temperature rise 
and d is the thickness of the sample. 
 
 
 
 
 
Fig. 2.4.2 Plot of the temperature rise curve versus the dimensionless time ω. 
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              Some stringent conditions need to be satisfied for the deduction of (2.4.2): 
1. A uniform short-duration laser pulse source; 
2. The measurement time is sufficiently short so that no heat loss occurs from the 
sample; 
3. Means of adjusting the measurement temperature. 
             Using various models, the problems of finite-pulse and heat loss [11-13] have 
been analyzed to account for and correct the error in the diffusivity measurement. In our 
measurement software, we can choose different theoretical models to fit our experimental 
condition.  
                    Now let’s turn our focus to the calculation of the specific heat by laser flash 
method. Assuming that the laser pulse energy and its coupling with the sample remain 
essentially unchanged, the following expression holds: 
                                         
.
( ) ( )p ref p sampleQ mC T mC T= ∆ = ∆  
                                       ( ) .( ) ( )p sample p ref sampleC mC T m T= ∆ ∆                                      (2.4.3)             
                    Here the specific heat of the sample can be calculated without knowing the exact 
amount of energy. 
                In our experiment a nanoflash LFA 447 (Netzsch Instruments, Inc.) apparatus is 
utilized to measure the thermal diffusivity by the laser flash method. A sample with 12.7 
mm diameter and thickness ranging from 1-2 mm is used for the real experiment. This 
equipment is fully automated to record, analyze and report the thermal diffusivity, 
specific heat and calculated thermal conductivity. In the specific heat measurement, both 
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the sample and the standard sample need to be coated with graphite to match the 
emissivity.  
 
 
 
 
 
Fig. 2.4.3 Nanoflash LFA 447 (Netzsch Instruments, Inc.) equipment 
for the thermal diffusivity measurement. 
 
2.5 Specific Heat Measurement by Differential Scanning Calorimetry  
             The specific heat (or heat capacity) of the sample can be obtained by the laser 
flash method explained in previous section, which is a relatively rough method in 
comparison with the differential scanning calorimetry (DSC) method. The DSC method 
is a thermo-analytical technique in which the difference in the amount of heat required to 
increase the temperature of both the sample and the reference sample, is measured with 
respect to time. Instead of being specifically designed for the specific heat measurement, 
differential scanning calorimetry can be used to measure a number of characteristic 
properties of a sample, such as melting temperatures, transition enthalpies, phase 
transformations, crystallization temperatures, the degree of crystallinity, glass transition 
temperatures and purity determinations. Currently there are two types of DSC systems 
available: power compensation and heat flux. The significant difference between power 
compensation DSC and heat flux DSC is the manner of heating of the sample and 
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reference material. The distribution of DSC’s on the world market is about 80-90% for 
the heat flux DSC’s and the remaining are the power compensation DSC’s.  
 
 
 
                
 
           
 
Fig. 2.5.1 DSC 200 F3 Maia® (Netzsch Instruments, Inc.) instrument 
for specific heat measurement. 
                    In our experiment, we use a commercial DSC 200 F3 Maia® (Netzsch 
Instruments, Inc.) instrument to measure the specific heat, which uses heat flux DSC. 
Both the sample and reference material are maintained at nearly the same temperature 
throughout the measurement. Generally, the temperature will increase linearly with time 
(normally 20K/min) and the maximum measurement temperature we can reach is 600 oC. 
In principle, three measurement circles need to be done before calculating the specific 
heat of the sample: baseline, standard sample and sample. There are some notes to keep 
in mind during operation. All three measurements have to be performed with the same 
crucibles and the same conditions. More stringently, during the three measurements the 
crucible should have the same positions (which can be marked with the tweezers, e.g.). 
Cp values are only valid when no weight loss occurs. 
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                    For all three measurements the reference crucible remains empty and untouched. 
The sample crucible is empty during the baseline measurement. The reference material 
(sapphire) sits inside the sample crucible during the standard sample measurement. 
During sample measurement, a sample with a diameter of about 5.5-6.0 mm and 
thickness of ~ 0.7 mm is placed inside the sample crucible. For quantitative specific heat 
measurements, the sample mass is not too critical as long as the product m×Cp is large 
enough to yield a strong signal. It is always a good idea to match the value of (m×Cp)std 
to that of (m×Cp)s.                     
                     By applying a controlled-temperature program, caloric changes can be 
characterized. The specific heat of a material can be calculated and is given by 
                             
ysensitivitrateheatingmasssample
baselinesampledifferencesignalCp ••
−
=
)(
                          (2.5.1)        
where the sensitivity term is obtained from the sapphire measurement and is given by 
      )(.)(
)(
sapphireCtheoretrateheatingsapphiremass
baselinesapphiredifferencesignalysensitivit
p••
−
=                (2.5.2)      
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Chapter 3 
Preparation of n- and p-Type Bismuth Telluride Based Alloys 
and Their Thermoelectric Properties  
3.1 Introduction 
                 The best materials to use for near-room temperature cooling, and up to 250 oC 
power generation are the bismuth antimony telluride and the bismuth telluride selenide 
alloys [1]. Although there has been thorough exploration [1] of other candidates for room 
temperature applications, bismuth telluride based alloys turn out to be superior to other 
materials at low temperatures. Therefore, it is of our interest to further investigate their 
possibilities for enhanced thermoelectric performance, considering the recent advances in 
nanotechnology. 
                    The minimum requirement for a thermoelectric material to be economically 
competitive is an average ZT higher than 1 during application temperature [1-3]. Despite 
persistent endeavors in improving ZT since the 1950’s, there has been marginal 
improvement in ZT for bismuth telluride based alloys. In 2001 a ZT of 2.4 at 300K was 
reported in superlattices Bi2Te3 [4]. This huge enhancement in ZT is mainly attributed to 
the reduction of the lattice thermal conductivity. Due to limitations in both heat transfer 
and high cost, superlattices may not be suitable for commercial scale-up production.  
                     In order to synthesize thermoelectric materials of both high performance and 
low cost, we have been pursuing a random nanostructuring strategy based on the 
understanding that the thermal conductivity reduction that is responsible for ZT 
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enhancement in superlattices can be realized in nanostructures as well [5,6]. Basically we 
have developed a method based on high-energy ball milling and direct-current heated hot 
pressing of nanoparticles. This approach is simple and economic, and can be readily 
extended to other materials. Following this method, we have achieved a peak ZT of 1.4 in 
p-type BixSb2-xTe3 by ball milling and hot-pressing the alloyed crystalline ingot as the 
starting material [7]. We also started with elemental chunks of bismuth, antimony and 
tellurium using the same ball milling and hot press technique, and achieved a peak ZT of 
about 1.3 in the temperature range of 75-100 oC [8]. This process is more economical and 
environmentally friendly than starting from alloyed bulk crystalline ingots. Similar to the 
case of using the ingot [7], the ZT improvement is due mostly to the lower thermal 
conductivity, which is turn mainly due to the increased phonon scattering from the 
increased grain boundaries of various nanostructures. 
                    In this chapter, after a brief introduction of the material properties and the 
sample preparation techniques, including high energy ball milling and hot-pressing, we 
will present data of n- and p- type bismuth telluride based alloys by employing the same 
ball milling and hot press technique, starting from the elements.  
3.2 General Properties of Bi2Te3, Sb2Te3, Bi2Se3, and Their Solid 
Solutions 
                 Since the state-of-the-art n-type and p-type low temperature TE materials are 
basically alloys of Bi2Te3 and Bi2Se3 and alloys of Bi2Te3 and Sb2Te3 respectively, we 
will briefly investigate their general properties and more specifically their doping trends 
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in particular. A good understanding of the doping mechanisms of these materials will give 
us a deeper insight into how to control the carrier concentration and further improve ZT. 
3.2.1 Bi2Te3 
                  The hexagonal cell of Bi2Te3 is formed by a set of layers perpendicular to the 
third order axis of symmetry. The atoms of separate layers are identical and form a plane 
hexagonal lattice [9]. The layers alternate and follow the sequence: 
                 -Te(1)-Bi-Te(2)-Bi-Te(1)- 
This sequence is called a quintet and the hexagonal cell is formed by three quintets. The 
weak bonding of the Te(1)-Te(1) between two quintets are responsible for the ease of 
cleavage along the planes perpendicular to the C-axis. Because of the presence of a 
layered structure, the Bi2Te3 properties are very anisotropic. The Te(1)-Te(1) bonds are 
considered to be of Van der Waals type whereas the Te(1)-Bi and Bi-Te(2) are of ionic type.        
                     Doping in Bi2Te3 is based on defects. Dominant ones are anti-sites and 
vacancies [9]. An anti-site is formed when Bi atom replaces the Te atoms in Bi2Te3 (BiTe), 
and Te replaces Bi (TeBi). A BiTe anti-site creates a hole and a TeBi anti-site creates an 
electron. The reason for the existence of many anti-sites is due to the small difference in 
the electro negativity (Xsb=1.9, XBi=1.8, XTe=2.1) [10]. Anti-site density can be reduced 
by substitution of atoms with larger electro negativity. In contrast, vacancies are strong 
perturbations: VTe are double donors (i.e., it donates two electrons) and VBi are triple 
acceptors (i.e., it creates three holes) [9]. Plastic deformation changes Bi2Te3 from p-type 
to n-type [11] possibly due to Te vacancy creation, as in the case of our ball milling.  
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                    It seems that anti-sites is major doping mechanism in pure Bi2Te3. BiTe anti-site 
formation energy is 0.4 eV. Sb is closer to Te in electro negativity and SbTe formation 
energy in Sb2Te3 is correspondingly smaller at 0.35 eV [10]. On the other hand, the 
vacancy energy of formation is about 1 eV [12].  
             The band gap of Bi2Te3 is 0.15 eV(experimental) and 0.11 eV (calculated). In the 
Bi2Te3 structure  -Te(1)-Bi-Te(2)-Bi-Te(1)-, BiTe favors more Te(1) sites while SeTe favors 
more Te(2) sites [13]. 
3.2.2 Sb2Te3 and Bi2Se3 
                  For the compound Sb2Te3, as in Bi2Te3, the excess of Sb atoms forms anti-site 
defects [14]. When Bi atoms are gradually replaced by Sb atoms, BiTe antisites are also 
gradually replaced by SbTe antisites, mainly due to the closer negativity of Sb to Te than 
that of Bi to Te. Because Sb2Te3 is stronger p-type than Bi2Te3, electrical conductivity 
gradually increases in p-type when Sb gradually replaces Bi. In contrast with Sb2Te3, 
Bi2Se3 shows strong n-type behavior.  
3.2.3 Alloys Based On Bismuth Telluride [15] 
                 There is complete solid solubility among the three compounds Bi2Te3, Sb2Te3, 
and Bi2Se3. After detailed investigation, it turns out the best p-type materials are based on 
Bi2-xSbxTe3 while the best n-type materials are based on Bi2Te3-ySey. Generally speaking, 
within the Bi2Te3-Sb2Te3-Bi2Se3 pseudoternary system, the optimal compositions for 
thermoelectric cooling are nominally Bi2Te2.7Se0.3 and Bi0.5Sb1.5Te3 for the n-type and p-
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type, respectively. The optimal compositions for power generation up to 175 oC are either 
Bi2Te2.8Se0.2 or Bi2Te2.7Se0.3 for n-type and Bi0.4Sb1.6Te3 for p-type, respectively.  
3.2.4 Doping in Bi2Te3 and Solid Solutions 
                 In Bi2Te3 alloyed systems, carrier concentration can be adjusted by deviation 
from stoichiometry. In p-type BixSb2-xTe3 materials, the hole concentration can be 
lowered by introducing an excess of Te atoms. In n-type Bi2Te3-ySey materials, the carrier 
concentration is increased by halogen dopants. Halogens are donors because they give 
rise one electron to the conduction band. Pb, Ge, Sn, As and Bi act as acceptors in the 
Bi2Te3 systems [16]. It is important to  note here that solid solutions owning the best 
efficiency are doped with SbBr3 [17].    
3.3 Experimental Procedures 
3.3.1 Preparation of Alloyed Nanopowder by Mechanical Alloying 
                  We can prepare nanopowders of bismuth telluride based alloys by either wet 
chemical method or mechanical alloying. However, only the machanical alloying 
procedure will be discussed here. 
                     Mechanical alloying (MA) was initially developed to synthesize oxide 
dispersion-strengthened (ODS) alloys [18]. Alloyed fine powder can be produced through 
solid-state reactions by MA process. The localized heat generated by repeated fracture of 
particles trapped between grinding balls provides energy for the interdiffusion of 
elements along clean fracture surfaces [19]. One of the advantages of MA lies in the fact 
that it allows the incorporation of nano-inclusions to act as scatter centers [20]. 
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                    Among the many device variations, three basic types encompass the majority of 
MA applications: the attritor, the planetary, and the oscillatory (or vibratory) mill [9].  
                    Only the planetary and the oscillartory mill are available in our lab, which will 
be introduced as follows. In a vibratory mill, a sealed vial is oscillated at very high 
frequency, typically on the order of 15-20 Hz. Powder particles experience high-energy 
compressive forces through collision of grinding balls, which stimulate both diffusion of 
elements and shrinking of particle sizes. The most popular vibratory mill of this type used 
for MA is the Spex 8000 mixer/mill (Spex Industries, Edison, NJ), which is commonly 
used in our lab. Owing to the high energy nature of this type of mill, chunk materials can 
thus be used as a starting material rather than powders, which is favorable because 
oxygen level can be reduced in the final product. 
                    In a practical experiment, appropriate amounts of elemental Bi, Te and Se (n-
type) or Bi, Sb and Te (p-type) were weighed according to the nominal composition of 
Bi2SexTe3-x (n-type) or BixSb2-xTe3 (p-type) and loaded into a stainless steel vial 
containing two stainless steel grinding balls and sealed. Then they were subjected to 
mechanical alloying in the high energy SPEX SamplePrep 8000M Mixer/Mills for 
several hours. The typical ball milling time needed for full alloying is 17.5 hrs for n-type 
and 30 hrs for p-type, which is much shorter than the time needed for the planetary ball 
mill machine. To minimize the oxygen contamination, all weighing and loading of the 
nanopowders were done in a glove box under highly purified argon. Pictures of the ball 
mill machine and the ball mill vial are shown in figure 3.3.1. 
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Fig. 3.3.1 Pictures of A) high-energy ball mill machine (SPEX SamplePrep 8000M  
 Mixer/Mills) and B) a ball mill vial (open and sealed respectively) [23]. 
                     In a planetary mill a rotating vessel of radis r is secured to a platform of radius 
R (>r) which rotates in the opposite direction. The centripetal force caused by the rotation 
of the vessel and the platform continuously drive grinding balls to impact the inner wall 
of vessel, trapping powder particles between them. 
                     For a general procedure, appropriate amounts of elemental Bi, Te and Se (n-type) 
were weighed according to the nominal composition of Bi2SexTe3-x (n-type). Next they 
are loaded into a zirconia jar containing a few zirconia grinding balls and sealed, and then 
subjected to mechanical alloying in a planetary ball milling machine (PM100, Glen Mills 
Inc.) for ~ 39 hrs at a speed of 600 rpm. To minimize the oxygen contamination, all 
weighing and loading of the nanopowders were done inside a glove box under highly 
purified argon. Pictures of a ball mill machine and a ball milling jar are shown in figure 
3.3.2. 
 
 
A B 
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Fig. 3.3.2 Pictures of A) planetary ball mill machine (PM100, Glen Mills Inc.),    
 B) and C) a ball milling jar (open and sealed respectively) [21]. 
 
3.3.2 Consolidation of As-prepared Nanopowders 
                  The nanopowders prepared by mechanical alloying need to be consolidated into 
full density bulk sample for thermoelectric property measurements. High density sample 
is needed for good mobility requirements while nanosized grains are also expected to be 
preserved during densification. In our experiment, we employed direct current (DC) 
heating hot press and furnace heating techniques as described in the following paragraphs. 
The fast-heating ability of DC technique makes it attractive to maintain grain sizes during 
press. 
A 
B C 
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~ 12 mm 
Fig. 3.3.3 A simple skematic of the DC hot-press system (left) and an actual picture of 
the system (right) [22]. 
                    In a typical experiment, the sample powder is heated to a high temperature in a 
very short time by a large direct current passing through it. For bismuth telluride samples 
pressed, temperature can reach 500 oC in about 4 minutes. During hot press, pressure of 
80 MPa is applied to ensure full density of the sample. The sample is quickly cooled 
down to room temperature after hot press by cooling water at the top and bottom of the 
die, which helps to maintain the homogeneity of the sample. Before press, loading 
powder into the die is done inside a glove box filled with argon to prevent oxidation and 
moisture. A disc sample of ½ inch diameter is obtained after press, which can be used for 
thermal measurement.  
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Fig. 3.3.4 Pictures of a hot-pressed sample (left) and a cut bar sample (right) for power 
factor measurement. 
                     Furnace heating is another option of powder consolidation. Figure 3.3.5 shows a 
sketch of the furnace heating hot press system. Compared with the DC hot press, furnace 
press uses furnace-radiation as the heating source. Besides, nitrogen gas is passed through 
during hot press and cooling down to prevent oxidization, owing to length time of press 
(more than 1 hour). Samples pressed by furnace tend to have more uniform properties 
than DC hot press due to more uniform temperature distribution. 
  
Fig. 3.3.5 A simple sketch of furnace heating hot press system. 
3.4 Results and Discussions 
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3.4.1 Bi2SexTe3-x by Glen Mill (planetary ball milling machine) 
            We prepared Bi2Te2.7Se0.3 and Bi2Te2.8Se0.2 alloyed nanopowders by Glen mill 
planetary ball milling machine for 38 hrs and then consolidated them by furnace heating 
at 575 oC for 30 minutes. 
 
Fig. 3.4.1 TEM images showing the microstructures of hot-pressed nanocrystalline dense 
bulk samples made from elemental chunks. 
                     The transport properties of Bi2Te2.7Se0.3 and Bi2Te2.8Se0.2, in comparison with 
that of the state-of-the-art ingot, are summarized in figure 3.4.2. The temperature 
dependence of the electrical conductivity (Fig. 3.4.2 A), Seebeck coefficient (Fig. 3.4.2 
B), power factor (Fig. 3.4.2 C), thermal conductivity (Fig. 3.4.2 D), lattice part of thermal 
conductivity (Fig. 3.4.2 E) and ZT (Fig. 3.4.2 F) are analyzed in these figures. 
                    Both the electrical conductivities and Seebeck coefficients of our ball milled 
samples are lower than that of the commercial ingot (Fig. 3.4.2 A, B), resulting in a 
significantly lower power factor for our sample (Fig. 3.4.2 C). The power factor of our 
samples cannot even exceed 30 x 10-4 Wm-1K-2, which is disadvantageous in comparison 
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with the 40 x 10-4 Wm-1K-2 power factor of the ingot. Thermal conductivities of both 
samples are much lower than that of the ingot (Fig. 3.4.2 D) for the whole temperature 
range due to increased phonon interface scattering. One particularly noteworthy aspect of 
the thermal conductivity is the much suppressed bi-polar effect compared to the ingot. 
There is a much smaller bipolar contribution to the thermal conductivity by thermally 
generated electrons and holes in our samples than that in the ingot. We explain this 
reduced bipolar effect by assuming the existence of an interfacial potential that scatters 
low energy electrons. We also plot individually the lattice part of thermal conductivity 
(Fig. 3.4.2 E) to have a better idea of how much gain we really achieve from the lattice 
part. The lattice contributions are estimated by using Wiedemann-Franz relation 
( TLkkkk totaletotall σ−≈−≈ , L=2.4 x 10-8 for calculation). The lattice contributions to 
the thermal conductivity are greatly reduced especially at elevated temperatures. At 125 
oC and 150 oC, the lattice part of thermal conductivity is almost reduced by a factor of 
two. In summary, the great reduction in the thermal conductivity due to nanostructures 
itself is masked by the simultaneous reduction in the power factor, resulting in very 
similar ZT values (Fig. 3.4.2 F) between our ball milled samples and the ingot. The 
nanostructure does not seem to have the advantage here due to the lack of improvement 
in ZT. In chapter 4 we will show that the low power factor is mainly due to the random 
orientation of individual grains and we can further improve ZT by reorienting the ab 
plane of most of the small grains to the direction perpendicular to the press. 
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Fig. 3.4.2 (A) Electrical conductivity, (B) Seebeck coefficient, (C) power factor, (D) 
thermal conductivity, (E) lattice part of thermal conductivity and (F) ZT dependence of 
the temperature of furnace hot-pressed nanocrystalline bulk samples with Bi2Te2.7Se0.3 
and Bi2Te2.8Se0.2 nominal composition made from elemental chunks in comparison with a 
commercial ingot. 
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3.4.2 Bi2SexTe3-x by Spex 
               We prepared Bi2Te2.6Se0.4, Bi2Te2.7Se0.3 and Bi2Te2.8Se0.2 alloyed nanopowders 
by Spex machine and then consolidated them by DC hot press (P2C).  
 
Fig. 3.4.3 An SEM image of as-pressed Bi2Te2.7Se0.3 bulk parallel to the press direction. 
               Figure 3.4.3 shows the main structural features of as-pressed Bi2Te2.7Se0.3 bulk 
parallel to the press direction. Grains are randomly orientated and densely packed. The 
typical grain size is in sub micrometer range. However, the thickness of each pallet plate 
is only around 100nm from the side view and there seems to be some nanostructures 
(nanodots) embedded and dispersed inside the matrix. More detailed TEM analysis 
should be carried out in order to have a clearer picture of the microstructure inside. Both 
the large size distribution and the high dispersion of the nanodots are believed to be 
favorable to the scattering of a wide spectrum of phonons (mid-to-long wavelength) [23].  
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Fig. 3.4.4 (A) Electrical conductivity, (B) Seebeck coefficient, (C) power factor, (D) 
thermal conductivity, (E) lattice part of thermal conductivity and (F) ZT dependence of 
temperature of direct current hot-pressed Bi2Te2.6Se0.4, Bi2Te2.7Se0.3 and Bi2Te2.8Se0.2 bulk 
samples in comparison with a commercial ingot. 
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                  The electrical conductivities of all three Spex samples are much lower than that 
of the ingot (Fig. 3.4.4 A) while the Seebeck coefficients of Spex samples are a little bit 
higher than that of the ingot (Fig. 3.4.4 B), resulting in still low power factors (Fig. 3.4.4 
C). The power factor of the Spex samples is similar to that of the Glen mill samples. Due 
to the nanostructural features, thermal conductivities of the Spex samples are much lower 
than that of the ingot (Fig. 3.4.4 D) especially at high temperature. Specifically, thermal 
conductivities of Bi2Te2.6Se0.4 and Bi2Te2.7Se0.3 are almost comparable to each other and 
lower than that of Bi2Te2.8Se0.2. As expected, the lattice parts of the thermal conductivities 
of Bi2Te2.6Se0.4 and Bi2Te2.7Se0.3 are much lower than that of the ingot (Fig. 3.4.4 E). 
What is interesting is that the lattice part of the thermal conductivity of Bi2Te2.8Se0.2 is 
almost the same as that of the ingot. The ZT of Bi2Te2.6Se0.4 and Bi2Te2.7Se0.3 (Fig. 3.4.4 F) 
are comparable to each other and a little bit higher than that of the ingot, which makes 
them a good candidate for low temperature cooling and power generation.  
                    We still have much room for ZT enhancement since 1) the grains are still large 
and hence the thermal conductivity is still relatively high; 2) individual grains of as-
pressed samples are randomly orientated and we can increase the power factor by 
reorienting the grains while not increasing the thermal conductivity too much. 
3.4.3 BixSb3-xTe3 (Spex) 
                   To achieve high efficiency of a thermoelectric device, it is desirable that the ZT 
peak lies in the operating temperature range. For example, better device performance can 
be expected when ZT peaks are around or lower than the room temperature. On the other 
hand, one can expect a better device performance for a power generator when the ZT 
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peaks are around 150 oC, assuming that the hot side is placed at ~ 250 °C. Here we 
demonstrate that we can shift the ZT peak of the BixSb2-xTe3 system from room 
temperature to 125 oC simply by varying x from 0.3 to 0.5. The ZT peak is expected to 
occur at even higher temperatures for x>0.5 but we should keep in mind that peak ZT 
values can also suffer for x>0.5.  
                    We prepared Bi0.3Sb1.7Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3 alloyed nanopowders 
by the Spex machine (total running time: 30h) and then consolidated them by direct 
current hot press (P2C). 
                    The transport property measurements of samples are summarized in Fig. 3.4.5. 
The electrical conductivity (Fig. 3.4.5 A) has a very clear trend: it increases with the 
decreasing Bi concentration because the carrier concentration measured by the Hall 
method increases with decreasing Bi concentration as well [23]. In contrast, the Seebeck 
coefficient (Fig. 3.4.5 B) increases with increasing Bi concentration for low temperature 
ranges, which is understandable in terms of carrier concentration. Another noticeable 
feature in Fig. 3.4.5 B is that the temperature dependence trends are different for various 
compositions. This could be a result of the different bipolar contributions [7]. The power 
factor of Bi0.4Sb1.6Te3 is similar to that of Bi0.3Sb1.7Te3 and higher than that of 
Bi0.5Sb1.5Te3 (Fig. 3.4.5 C). Fig. 3.4.5 D shows the temperature dependence of the 
thermal conductivities of various compositions. It is clear that the thermal conductivity 
decreases with increasing amount of Bi content at the lower temperature range, mainly 
due to the dominating electronic contribution to the thermal conductivity. The trend is 
completely reversed at the higher temperature range. This indicates an enhanced bipolar 
contribution with increasing amounts of Bi.  
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Fig. 3.4.5 Temperature dependence of electrical conductivity (A), Seebeck coefficient (B), 
power factor (C), thermal conductivity (D), and ZT (E) of hot-pressed nanocrystalline 
bulk samples with different nominal compositions. 
                    Figure 3.4.5 E summarizes the temperature dependence of ZT in comparison 
with the commercial ingot whose nominal composition is close to Bi0.5Sb1.5Te3. Our 
sample, with the same composition x = 0.5, shows improved ZT values over the 
commercial ingot. The highest ZT peak is about 1.2 and is obtained from Bi0.4Sb1.6Te3. 
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The room temperature value is highest (1.11) for Bi0.5Sb1.5Te3, which makes it a good 
candidate for cooling application. If we take a close look at the ZT plot over the whole 
temperature range, the ZT value of the ingot starts to drop earlier at 75 oC and much 
faster at even higher temperatures. In contrast, average ZT’s are similar for both 
Bi0.4Sb1.6Te3 and Bi0.3Sb1.7Te3 and much higher at elevated temperatures, which makes 
them good candidates for power generation purpose.  
3.5 Summary 
                  By ball milling alloyed bulk crystalline ingots into nanopowders and hot-
pressing them, we have demonstrated high a figure-of-merit in nanostructured bulk 
bismuth antimony telluride [7]. Here, we use the same ball milling and hot-press 
technique, but now we start with elemental chunks (Bi, Te and Se for n-type and Bi, Sb 
and Te for p-type) to avoid the ingot formation step. Therefore, this step is more 
economical and environmentally friendly than starting from alloyed bulk crystalline 
ingots. We show that a peak ZT of 1.2 in the temperature range 75 and 100 oC and a ZT 
of 0.7 at 250 °C has been achieved in Bi0.4Sb1.6Te3 and a ZT of 1.13 at room temperature 
is obtained in Bi0.5Sb1.5Te3, which makes Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3 good candidates 
for power generation and cooling, respectively. For n-type Bi2SexTe3-x, we also 
demonstrate that the thermal conductivity can be greatly reduced because of the increased 
phonon scattering from the increased grain boundaries of the randomly orientated 
nanograins. However, ZT does not benefit as much due to simultaneously reduced power 
factor, which arises from the “randomness” of individual grains.  
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                    The reason we were more successful in improving ZT in p-type samples 
compared to n-type are as follows: 1) anisotropy of properties is different between n-type 
and p-type. For p-type composition Bi0.4Sb1.6Te3 even though the individual 
thermoelectric properties of single crystals are highly anisotropic, ZT values are nearly 
isotropic in both directions. Therefore, after ball milling and hot press, ZT won’t suffer 
from the randomization of individual grains. However, for n-type composition 
Bi2Te2.7Se0.3, individual thermoelectric properties as well as power factor and ZT value of 
single crystals are highly anisotropic along and perpendicular to a-b plane. After 
randomization during ball milling, the power factor reduces the same rate as thermal 
conductivity, resulting no gain in ZT; 2) doping mechanisms are different between n-type 
and p-type. The major doping mechanism in p-type, SbTe anti-site, does not affect the hole 
mobility so much as that in n-type, Te vacancy, affects the electron mobility.  
                    To improve the ZT in n-type, the following experiments might be useful: 1) we 
can greatly enhance the power factor while not affecting the thermal conductivity by 
reorienting the ab plane of most of the small grains to the direction perpendicular to the 
press (which will be discussed in detail in Chap 4); 2) prevent grain growth. Present grain 
size is still big and the thermal conductivity is still relatively high; 3) In bismuth telluride 
based systems, we prefer more anti-sites than vacancies due to mobility considerations. 
Extra Bi or Sb can be added into the nanopowder to remove Te vacancies, thereby 
improving the electron performance and possibly enhancing phonon scattering; 4) Taking 
advantage of interfacial scattering between grains of different types of materials, we can 
mix Bi2Te3 and Bi2Se3 nanoparticles to form composites with different nominal 
compositions instead of the fully alloyed Bi2SexTe3-x.  
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                    To improve the ZT in p-types, the following experiments might be useful: 1) To 
further reduce the thermal conductivity, we could try to create more anti-sites by adding 
more antimony; 2) Taking advantage of the interfacial scattering between grains of 
different types of materials, we can mix Bi2Te3 and Sb2Te3 nanoparticles to form 
composites with different nominal compositions instead of the fully alloyed Bi2SexTe3-x; 
3) Thermal conductivity of the nanograined sample from elements is systematically 
higher than that of the sample made from ingot, probably because of the lack of some 
minor elements (Zn, Cd, etc.) that were used in the ingot and minor structural differences 
[8]. We can try doping other elements to see the outcome of this effect.  
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Chapter 4 
Experimental Studies on Anisotropic Thermoelectric 
Properties and Structures of n-Type Bi2Te2.7Se0.3 
4.1 Introduction 
                  Bismuth telluride based single crystal like bulk solid solutions, including n-type 
Bi2(Te,Se)3 and p-type (Bi,Sb)2Te3, still remains to be the best TE materials used at near 
room temperature [1,2]. Therefore, these materials have potential applications in room 
temperature refrigeration and low grade heat recovery. Thermoelectric properties of n-
type Bi2Te3-xSex were presented in Chapter 3; among these, Bi2Te2.7Se0.3 was shown to 
have the best average ZT. In this chapter we will focus our attention on the composition 
Bi2Te2.7Se0.3 only and show how to further improve ZT by employing a novel technique 
to promote preferential grain orientation.  
                    The crystal of bismuth telluride Bi2Te3 has a rhombohedral crystal structure with 
the space group )3(53 mRD d [3]. However, it is much easier to represent this structure by a 
hexagonal cell formed by stacking the layers perpendicular to the c-axis (Fig. 4.1.1): 
                                                   -Te(1)-Bi-Te(2)-Bi-Te(1)- 
The week Van der Waals bonding between neighboring Te(1)-Te(1) layers are responsible 
for the easy cleavage along the basal planes, which is foundation of work of this chapter. 
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Fig. 4.1.1 Crystal structure of bismuth telluride [4]. 
                     Originating from this unique structural anisotropy, the thermoelectric properties 
of n-type Bi2Te3-xSex single crystal solid solutions, prepared by travelling heater method, 
show strong anisotropy [5]. The electrical and thermal conductivities along the cleavage 
planes (perpendicular to the c-axis) are about four and two times larger than those along 
the c-axis, respectively. Even though the Seebeck coefficient is nearly isotropic, the 
thermoelectric figure-of-merit ZT along the cleavage planes is approximately two times 
as large as that along the c-axis. At room temperature a maximum dimensionless 
thermoelectric figure-of-merit was achieved with the value ZT = 0.85 (Z = 2.9 x 10 -3 K-1) 
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for solid solutions with a 2.5 % Se replacing Te: Bi2Te2.925Se0.075 that has a power factor 
(defined as S2σ, where S is the Seebeck coefficient and σ the electrical conductivity) of 
47 x 10-4 Wm-1K-2 and thermal conductivity of 1.65 Wm-1K-1 in which the lattice 
contribution is 1.27 Wm-1K-1 [5]. 
 
Fig. 4.1.2 Anisotropy measurements of thermoelectric properties for S2.5 solid solution 
(Bi2Te2.925Se0.075). [5] 
                     In principle, ZT could be greatly improved if we can decrease the thermal 
conductivity by breaking the single crystal into individual nano size grains and thus 
increasing phonon scattering due to the significantly increased grain boundaries of the 
nano grains [6, 7] while maintaining the high power factor by keeping the preferential 
orientation of grains [8, 9]. Ball milling and direct current (dc) hot press proves to be a 
successful approach to make nanostructured composite (nanocomposite) [10, 11] with a 
40% peak ZT improvement from 1 to 1.4 in p-type nanostructured bulk bismuth 
antimony telluride [12]. Following this approach, we have successfully synthesized n-
type Bi2Te2.7Se0.3 bulk samples by ball milling and dc hot pressing, and achieved a 
significantly lower thermal conductivity of 1.06 Wm-1K-1due to the intended increase of 
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grain boundaries, in comparison to the 1.65 Wm-1K-1 in the case of single crystal bulk 
samples. However, ZT was not enhanced at all because of a much lower power factor of 
25 x 10-4 Wm-1K-2, in comparison to the 47 x 10-4 Wm-1K-2 in single crystal bulk samples. 
We suspect that the reason for the lower power factor is due to the randomness of the 
small grains. Therefore, the challenge is how to improve power factor to the level close to 
that in single crystal like bulk samples while keeping the low thermal conductivity owing 
to the fine grains. In literature, there have been a few methods reported to prepare 
polycrystalline Bi2Te3-based alloy bulks with preferred grain orientation, such as hot-
pressing [13, 14] and hot-extrusion [15, 16]. However, those reports were not about small 
grains of less than a couple of micrometers, but large grains of many micrometers.  There 
were also reports about melt spinning to improve the ZT [17, 18]. However the important 
aspect of structural anisotropy and anisotropy of the properties were not discussed. 
                     In this chapter we report experimental studies of the physical properties of 
samples with partial alignment of the small grains. To achieve grain alignment, we re-
pressed the as-pressed Bi2Te2.7Se0.3 bulk in a bigger diameter die at a higher temperature 
so that lateral flow of the small grains takes place in the disk plane to achieve certain 
orientation of the ab plane in the disk plane. As a result, we increased the power factor by 
40% in the disk plane direction from 25 x 10-4 to 35 x 10-4 Wm-1K-2 without too much 
penalty on the thermal conductivity, leading to a peak ZT enhancement of 22% from 0.85 
to 1.04. By contrast, ZT along the press direction is decreased, which does not affect the 
application of thermoelectric materials since only the direction with the highest ZT is 
used in devices. 
4.2 Experimental Procedures 
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                  To make alloyed powder, appropriate amounts of elemental Bi (99.999%), Te 
(99.999%) and Se (99.999%) from Alfa Aesar were weighed according to the 
stoichiometry Bi2Te2.7Se0.3, loaded into a stainless steel jar with stainless steel balls, and 
then subjected to ball milling. To minimize the oxygen contamination, all weighing and 
loading were done inside a glove box under highly purified argon. After ball milling, the 
size of the alloyed Bi2Te2.7Se0.3 particles is about 20 – 50 nm by transmission electron 
microscope (TEM). As-milled powders were then loaded into a graphite die with an inner 
diameter of 19.05 mm and pressed using a dc hot press [12], resulting in a cylinder of 
19.05 mm in diameter and 22.7 mm in thickness (“as-pressed”). The as-pressed bulk was 
then loaded in the center of a graphite die with an inner diameter of 25.4 mm inside the 
glove box and then re-pressed in a furnace under protection of flowing nitrogen gas. 
Eventually, a disk-like sample of 25.4 mm in diameter and 12.7 mm in thickness was 
obtained “re-pressed”. 
               X-ray diffraction (PANalytical X’Pert Pro) analysis with a wavelength of 0.154 
nm (Cu Kα) was performed on the as-pressed and re-pressed samples in the plane both 
parallel and perpendicular to the press direction to investigate the grain orientation. The 
freshly fractured surfaces of samples were observed by scanning electron microscope 
(SEM) (JEOL 6340F). 
              To study the thermoelectric properties of as-pressed and re-pressed samples in 
both directions parallel and perpendicular to the press direction, disks of 12.7 mm in 
diameter and 2 mm in thickness and bars of about 2 x 2 x 12 mm were made from both 
directions of the as-pressed and re-pressed bulks. The bar-shaped samples were used to 
measure the electrical conductivity and Seebeck coefficient simultaneously, and the disk-
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shaped samples were used to measure the thermal conductivity. The electrical 
conductivity of the samples was measured by a four-point direct current-switching 
technique, and the Seebeck coefficient was measured by a static dc method based on the 
slope of the voltage versus temperature-difference curves using commercial equipment 
(ULVAC, ZEM3). The thermal diffusivity was measured by the laser-flash method with a 
commercial system (LFA 447 Nanoflash, Netzsch Instruments, Inc.). The specific heat 
was determined by a commercial instrument (DSC 200-F3, Netzsch Instruments, Inc.). 
The volume density of the samples was measured by the Archimedes method. The 
thermal conductivity was then calculated as the product of the thermal diffusivity, 
specific heat, and the volume density. 
4.3     Results and Discussions 
4.3.1   As-pressed Sample  
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Fig. 4.3.1 XRD patterns of the as-pressed 3.07.22 SeTeBi bulks for the planes (a) 
perpendicular (⊥) and (b) parallel (//) to the press direction. 
                  Figure 4.3.1 shows the XRD patterns of both the planes perpendicular (⊥) and 
parallel (//) to the press direction. These two spectra look the same for both the position 
and intensity of each peak, indicating that there is no significant grain orientation 
anisotropy. The ratios of the integrated intensity of planes (006) and (0015)  to that of the 
strongest peak (015) are shown in the insets. The minor larger ratios of (006) (015)/I I  (15% 
vs. 12%) and (015)(0015) /I I  (12% vs. 8%) for the plane that is ⊥ to the press direction (Fig. 
4.3.1a) mean that there is a little bit more ab orientation in the ⊥ direction, which is 
reflected on the physical properties (discussed below).  
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Fig. 4.3.2 SEM images of the freshly fractured surfaces of as-pressed samples in the 
direction (a) perpendicular (⊥) and (b) parallel (//) to the press direction. 
                    SEM images of the freshly fractured surfaces in both ⊥ and // directions were 
shown in Figs. 4.3.2a and 4.3.2b, respectively. They are consistent with the XRD result 
(Fig. 4.3.1): the grains are random without a significantly preferred crystal orientation. 
The average grain size is about 1 – 2 micrometers even though there are many grains 
smaller than 1 micrometer. 
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Fig. 4.3.3 (a) Electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) 
thermal conductivity, and (e) ZT dependence of temperature of the as-pressed samples in 
both the directions perpendicular (⊥) and parallel (//) to the press direction. 
                     In Fig. 4.3.3, we show the transport properties of the as-pressed samples in both 
the directions perpendicular (⊥) and parallel (//) to the press direction. The electrical 
conductivity σ⊥ is about 12 – 15% higher than σ// for the whole temperature range (Fig. 
4.3.3a), which clearly shows that there is a little bit more ab plane orientated in the ⊥ 
direction, consistent with the results shown by the XRD (Fig. 4.3.1a). The Seebeck 
coefficients of the as-pressed sample are very similar with each other in both the 
directions (Fig. 4.3.3b), consistent with the fact that the Seebeck coefficient of single 
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crystals is nearly isotropic in different crystal orientations [5]. The corresponding power 
factors of the as-pressed sample in both directions are shown in Fig. 4.3.3c. A power 
factor of 25 x 10-4 Wm-1K-2 at room temperature was obtained for the ⊥ direction and 
drops down to 13 x 10-4 Wm-1K-2 at 250 oC while that in the // direction is about 15 – 19% 
lower in the temperature range. It is very important to note that the power factor of the as-
pressed sample in either direction is much lower than 47 x 10-4 Wm-1K-2 in the ab plane 
of the single crystals [5], which led us to consider the possibility of further improving ZT 
by enhancing power factor through aligning ab planes into the disk plane while keeping 
the low thermal conductivity. The thermal conductivity dependences of temperature of 
the as-pressed samples in both directions are shown in Fig. 4.3.3d. Over the whole 
temperature range, the thermal conductivity is much lower (1.06 Wm-1K-1 in the ⊥ 
direction and 0.92 Wm-1K-1 in the // direction with a lattice contribution of 0.7 and 0.6 
Wm-1K-1, respectively) (a Lorenz number of about 1.6 x 10-8 J2K-2C-2 is used for the nano 
samples) than 1.65 Wm-1K-1 (with a lattice contribution of 1.27 Wm-1K-1 (ref 5)) in ab 
plane of the single crystals, a clear indication of the benefits of stronger phonon 
scattering (resulting from the smaller grains). Below 150 °C, the thermal conductivity 
does not increase too much, but very quickly after 150 °C due to the bipolar effect, and 
the differences between the two directions become smaller and smaller with increasing 
temperature. Similar to the electrical conductivity, the thermal conductivity is also higher 
in the direction perpendicular to the press direction, which resulted in an almost same ZT 
dependence of temperature all the way up to 250 °C in both directions, indicating 
isotropic ZT (Fig. 4.3.3e). The peak ZT is about 0.85 that is about the same with that of 
the single crystals at room temperature. 
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                     Considering the potentially high power factor of 47 x 10-4 Wm-1K-2 in the ab 
plane of the single crystals, it is possible to enhance ZT by orienting the ab planes of the 
small grains into the disk plane. One way to orient the grains is to press the as-pressed 
samples in a bigger diameter die so that lateral flow takes place [19]. 
4.3.2   Re-pressed Sample  
 
Fig. 4.3.4 XRD patterns of the re-pressed 3.07.22 SeTeBi  bulks of the planes (a) 
perpendicular (⊥) and (b) parallel (//) to the press direction. 
  Figure 4.3.4 shows the XRD patterns of the re-pressed samples in the planes 
perpendicular (⊥) (Fig. 4.3.4a) and parallel (//) (Fig. 4.3.4b) to the press direction. From 
the much stronger diffraction intensities of the (006) and (0015)  peaks (Fig. 4.3.4a) and 
much weaker intensities of the same peaks in Fig. 4.3.4b, it is very clear that re-
79 
 
orientation of ab planes of the grains into the disk plane took place during the re-pressing 
process. The ratio of the integrated intensities of the (006) and (0015)  peaks to that of the 
strongest peak (015) in the ⊥ direction are 55% (006) (015)( / )I I  and 44% (015)(0015)( / )I I  
(inset in Fig. 4.3.4a), which are much higher than those from the as-pressed samples 
(inset in Fig. 4.3.1a), and much stronger than the 6% and 3% for the plane parallel to the 
press direction (inset in Fig. 4.3.4b), respectively. On one hand, the (006) and (0015)
 
peak intensity increased a lot in the disk plane after re-pressing (Fig. 4.3.4a vs. 4.3.1a), 
and on the other hand the intensity of the same peaks decreased a lot in the plane parallel 
to the press direction (Fig. 4.3.4b vs. 4.3.1b). The significant diffraction peak intensity 
difference shows that we have successfully developed significant anisotropy in the re-
pressed samples, which should clearly show up in the microstructures and physical 
properties discussed below.  
               Figure 4.3.5 shows the SEM images of the freshly fractured surfaces of the re-
pressed samples in the plane perpendicular (⊥) (Fig. 4.3.5a) and parallel (//) (Fig. 4.3.5b) 
to the press direction. We can clearly see that the grains are plate-like and with the ab 
plane preferentially oriented in the disk plane, which confirms the much increased (00l) 
peak intensities in the disk plane and decreased (00l) peak intensities in the plane parallel 
to the press direction. Such a re-orientation of the ab planes is clearly the result of the 
lateral flow during the re-pressing process [19]. The lateral flow also makes the plates 
thinner due to the shear force. However, these plates are still quite large (up to 5 
micrometers) and thick (up to 0.5 micrometers). Comparing to the size before re-pressing, 
we can also see there was a significant grain growth. The detailed microstructure 
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investigations of these samples by TEM are in progress and will be reported when the 
data are available. 
 
Fig. 4.3.5 SEM images of the freshly fractured surfaces of re-pressed samples in the 
direction of (a) perpendicular (⊥) and (b) parallel (//) to the press direction. 
  In Fig. 4.3.6, we show the results of the temperature dependence of electrical 
conductivity (σ), Seebeck coefficient (S), power factor, thermal conductivity (κ), and ZT 
of the re-pressed samples in both the directions perpendicular (⊥) and parallel (//) to the 
press direction. It is clearly shown that the electrical conductivity (σ⊥) of the disk plane is 
increased while σ// is decreased in comparison with those of the as-pressed samples (Fig. 
4.3.3a). A ratio (σ⊥/σ//) about 2.3 of the electrical conductivity along the two directions is 
maintained from room temperature to 250 °C, which is however much smaller than 4.3 in 
single crystals [5]. As expected, the Seebeck coefficients of the re-pressed samples in 
both directions are very similar (Fig. 4.3.6b), confirming the fact that Seebeck coefficient 
is basically isotropic like that in the single crystals [5]. Due to the electrical conductivity 
improvement, the power factor of the re-pressed samples in the ⊥ direction is improved 
to 35  
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Fig. 4.3.6 (a) Electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) 
thermal conductivity, and (e) ZT dependence of temperature of the re-pressed samples in 
both the directions perpendicular (⊥) and parallel (//) to the press direction. 
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x 10-4 Wm-1K-2 at room temperature and drops with temperature to 16 x 10-4 Wm-1K-2 at 
250 oC while that in the // direction is decreased to 15 x 10-4 Wm-1K-2 at room 
temperature and 6 x 10-4 Wm-1K-2 at 250 oC. With the changes in electrical conductivity 
in both directions, the thermal conductivity of the re-pressed samples also changed (Fig. 
4.3.6d): κ⊥ increased from 1.06 to 1.16 Wm-1K-1 in that the lattice contribution remained 
at 0.7 Wm-1K-1 and κ// decreased from 0.92 to 0.78 Wm-1K-1 in that the lattice 
contribution is about 0.58 Wm-1K-1. A ratio (κ⊥/κ//) of 1.5 is observed, which is smaller 
than 2 in single crystals [5]. The ZT of the re-pressed samples in the disk plane is about 
0.9 at room temperature and reaches the peak of 1.04 at 125 oC (Fig. 4.3.6e), which is 
about 22% improvement over peak ZT (0.85) of the as-pressed samples. In contrast, ZT 
of the re-pressed samples in the // direction remains very low for all temperatures (Fig. 
4.3.6e): 0.6 at room temperature and 0.3 at 250 oC.  
4.3.3 As-pressed and Re-pressed Samples perpendicular to the press 
direction 
  Since the good ZT direction for the re-pressed samples is in the disk plane, we 
would like to compare the improvement of the re-pressed samples over the as-pressed 
ones in the disk plane direction. Figure 4.3.7 shows the XRD spectra of the as-pressed 
and re-pressed samples with the ratios of integrated intensities (006) (015)/I I  and 
(015)(0015) /I I  shown as the insets. Clearly the improvement of re-orientation is significant. 
The ratio of (006) (015)/I I  increased from 15% to 55% (Fig. 4.3.7a) and that of (015)(0015) /I I  
increased from 12% to 44% (Fig. 4.3.7b). 
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Fig. 4.3.7 XRD patterns of (a) as-pressed and (b) re-pressed 3.07.22 SeTeBi  bulk samples of 
the planes perpendicular (⊥) to the press direction. 
                    Figure 4.3.8 shows the temperature dependence of the electrical conductivity 
(σ⊥), Seebeck coefficient (S⊥), power factor, thermal conductivity (κ⊥), and ZT of as-
pressed and re-pressed samples in the disk plane direction (⊥). It shows that the electrical 
conductivity σ⊥ of the re-pressed sample is at least 20% higher than the as-pressed 
samples in the whole temperature range up to 250 oC (Fig. 4.3.8a). The Seebeck 
coefficient of the re-pressed samples is not much different as expected in the single 
crystals (Fig. 4.3.8b), which leads to a power factor improvement of at least 30% over the 
as-pressed samples at all temperatures (Fig. 4.3.8c). However, the thermal conductivity of 
the re-pressed samples increased only 10% (Fig. 4.3.8d) due to mainly the increased 
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electrical conductivity. By combining the power factor and thermal conductivity, we have 
roughly a 22% improvement in ZT (Fig. 4.3.8e), with the improvement percentage higher 
at lower temperature and lower at high temperature. Peak ZT increased from 0.85 to 1.04 
at 125 °C after re-pressing. 
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Fig. 4.3.8 (a) Electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) 
thermal conductivity, and (e) ZT dependence of temperature of as-pressed and re-pressed 
samples in the direction perpendicular to the press direction. 
    Now it is very clear that re-pressing improves the ZT in the direction 
perpendicular to the press direction by enhancing the power factor due to reorientation of 
the ab plane of some of the crystals. The as-pressed samples consist of small crystals; 
each of these crystals can be regarded as a single crystal and thus will exhibit anisotropic 
thermoelectric properties. The shape of each grain is flake-like because of its cleavage 
characteristics between the Te(1)-Te(1) layers. During re-pressing, grains easily slip along 
the cleavage planes and their ab plane tends to be preferentially perpendicular to the press 
direction. The more re-orientation that occurs, the higher the power factor and ZT will be, 
since the thermal conductivity does not increase so much due to the grain boundary 
scattering. The overall degree of re-orientation is determined mainly by the amount of 
lateral flows during re-pressing. However, we have not reached the limit yet since 1) the 
grains are still not completely re-oriented to the disk planes resulting in a not optimal 
power factor, and 2) the grains are still large and hence the lattice thermal conductivity of 
0.7 Wm-1K-1 is still relatively high.  
               The data we report here are the typical results from many runs. The results are 
repeatable within 10% under the similar conditions from run to run. A few typical ZT vs. 
T curves are shown in Fig. 4.3.9 to demonstrate the repeatability. To further prove that the 
process is repeatable, we have been using samples from different runs to make p- and n- 
unicouples to measure power generation efficiency. The ZT repeatability on samples from 
different locations of the same run and from different runs is assured by the similar power 
generation efficiency that is going to be published separately. 
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Fig. 4.3.9 Demonstration of repeatability of the process reflected on ZT dependence of 
temperature from different locations of the same batch and different batches. 
              With the crystal re-orientation, the thermoelectric properties are clearly 
improved. A possible concern is the mechanical properties, especially the cleavage 
problems encountered in single crystals due to the nature of the layered structure of 
Bi2Te3. Fortunately, we do not have such a problem since these bulk samples contain 
grains of fairly small size (another benefit of their nanoscale size), even though they are 
not small enough to yield a much lower thermal conductivity yet. 
                    The data we report here are the typical results from many runs. The results are 
very repeatable to within a 5% error at the same conditions. The errors are 3% for the 
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electrical conductivity, 5% for the Seebeck coefficient and 4% for the thermal 
conductivity. Note that the error bars in the graphs have been omitted for ease of viewing. 
4.4 Summary 
We have achieved a 22% improvement in the peak ZT from 0.85 to 1.04 at 125 
°C in n-type Bi2Te2.7Se0.3 by re-pressing the as-pressed samples. The main improvement 
is the large increase of the electrical conductivity and small increase of the thermal 
conductivity while the Seebeck coefficient does not change too much. The reason for 
such improvement is the reorientation of the ab planes of the small crystals into the disk 
plane to improve the electrical conductivity. Further improvement in ZT is expected by 
promoting more ab reorientation into the disk plane and reducing the crystal plate size 
and thickness. Even though the crystals are partially oriented and the properties are 
anisotropic, the mechanical properties are strong and do not show any cleavage problems 
that were encountered in the single crystals due to the small grains.  
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Chapter 5 
Studies on Thermoelectric Properties in Nanostructured p-
Type Skutterudites  
5.1 Introduction 
                  Currently  efficiency  of  a  thermoelectric  (TE)  device  is  limited  by  the 
thermoelectric figure-of-merit of TE materials. Although nano technology can expand the 
scope  of  good TE materials,  the  real  breakthrough  is  conditioned  on  the  availability  
of efficient materials. There has been resurgence of interest in exploring potentially 
promising thermoelectric materials for the last decade or so. Among the promising 
materials are skutterudites [1], an excellent demonstration of the Slack’s concept of 
Phonon-Glass-Electron-Crystal (PGEC) [2]. The open nature of skutterudites structure 
characterized by presence of large voids provides an awesome opportunity to modify 
electronic and thermal properties by introducing foreign atoms into the voids [1].                   
A comprehensive review of various properties in many aspects related to skutterudites 
has been published recently [3]. What makes skutterudites so appealing to the 
thermoelectric community and how we can further improve its performance will be 
discussed in what follows. 
5.1.1 Crystal Structure 
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Fig. 5.1.1 The skutterudite (CoSb3 in the figure) structure with the metal atom Co (blue) 
forming a simple cubic sublattice, and the pnicogen atoms Sb (brown) arranged in planar, 
near-square four-membered rings. 
                     Originally obtaining the name from small mining town, skutterud, Norway, 
Skutterudites are binary compounds with the composition MX3, where M is either Co, Rh, 
or Ir, and X represents P, As or Sb. Binary skutterudites crystallize in the body-centered-
cubic structure in the space group Im3 [4]. The structure is often depicted as in Figure 
5.1.1 where the unit cell is displaced by a one-quarter distance along the body diagonal. 
This figure very nicely demonstrates the existence of two empty voids that miss the 
planar near-rectangular rings of pnicogen atoms. The open environment of skutterudites 
structure is the key to make skutterudites of interest to thermoelectric community.  By 
filling the voids with guest atoms [5], such as rare-earth or alkaline-earth elements, one 
can facilitate modification of electronic and lattice properties and potentially improve 
thermoelectric performance. 
Co Sb
void void
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5.1.2 Transport Properties of Binary Skutterudites 
                Binary skutterudites possess record-high carrier mobilities, reaching values of 
several thousand cm2V-1s-1 for single crystal. Besides, Seebeck coefficients of binary 
skutterudites are remarkably large, owing to large effective mass of carriers. Even at 
electron densities ~ 1021 cm-3 the Seebeck coefficient is usually more than – 100 μV/K 
[6]. Combining the exceptionally large mobility with the high effective mass of carriers, 
binary skutterudites exhibit high power factors, which makes them of interest to 
thermoelectrics. Unfortunately, their lattice thermal conductivity [7] is far too high. It is 
only after the process of filling the skutterudites structure that they starts to attract 
attention.  
5.1.3 Filled Skutterudites 
            The first filled skutterudite (LaFe4P12) was synthesized in 1977 by Jeitschko and 
Brown [5]. Arsenide and antimonide filled skutterudites were also prepared subsequently. 
A general formula describing a filled skutterudite compound is R4+ [T4X12]4-. It is 
important to note here that that it is not the neutral [M4X12] introduced in Section 5.1.1, 
but rather the charged [T4X12]4- that forms the basis of the filled skutterudites, where T 
represents Fe, Ru or Os rather than the cobalt group 9 metals. Taking into consideration 
the less than tetravalent filler ion in most cases, one can force back the skutterudites 
structure from metal into semiconductor regime by charge compensating either on the 
pnicogen atom site or on the iron-group metal atom site. Both approaches greatly enrich 
the family of filled skutterudites. Although substitution on the pnicogen site leads to a 
dramatic reduction in the lattice thermal conductivity [8-10], it also destroys the integrity 
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of rings of pnicogen atoms and deteriorates the carrier mobility. Therefore, substitution 
on the iron-group metal atom site is more preferable because it maintains high mobility. 
Much attention has been focused on CeyFe4-xCoxSb12 [11-13] and LayFe4-xCoxSb12 [14, 15] 
systems, in which some of the highest p-type figures-of-merits have been achieved. 
                    Being loosely bonded, filler atoms “rattle” around their equilibrium position in 
their characteristic Einstein frequencies [16]. In addition, these fillers also display rather 
large amplitudes of motion. The atomic displacement parameter (ADP), which is a 
measure of mean-square displacement amplitude of an atom about its equilibrium 
position, gives us insight into how “loosely” filler atoms are vibrating. One simpler and 
more straightforward parameter to reflect the displacement amplitudes of filler atoms is 
Uiso, which is the mean-square displacement amplitude of the ion averaged over all 
directions. The filler atoms in the skutterudite structure have a significantly larger Uiso 
compared with other atoms in the lattice.  
                    As previously noted, it is only after filling the voids (cages) with foreign atoms 
that a large reduction in the lattice thermal conductivity has been achieved and 
skutterudites start to show potential as good thermoelectric materials. In one hand, high 
effective masses of carriers support high Seebeck coefficients despite high carrier 
concentrations on the order of 1021-1022 carriers/cm3 after filling foreign species. In 
another hand, originating from their loosely bonded nature, filler atoms act as individual 
Einstein oscillators and interfere with the normal phonon modes of the structure, causing 
a strong suppression of the lattice thermal conductivity. A strongly suppressed lattice 
thermal conductivity was first observed by Morelli and Meisner [17] in their 
measurements on CeFe4Sb12.  
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                    High power factors combined with low lattice thermal conductivity make filled 
skutterudites excellent candidates for intermediate-to-high-temperature thermoelectric 
applications.  
5.1.4 Approaches toward Further Improvement of Filled Skutterudites 
                  For possible further improvements, there are two specific approaches that go 
beyond exploring the full range of possible filler ions, the filling fractions and the doping 
levels, which we describe below. 
5.1.4.1 Multiple Filling 
                 It makes sense to consider the case of multiple fillers since the characteristic 
frequencies of fillers are different from each other, which reflect their individual mass, 
size and strength of bonding with the cage atoms. By introducing multiple fillers into the 
voids, we aim to affect a broader spectrum of normal phonon modes, achieving further 
reduction in the lattice thermal conductivity. It is ideal to select fillers differing 
significantly in mass, size or coupling constant in order to maximize the influence on the 
phonon spectrum. The effectiveness of multiple filling in reducing the lattice thermal 
conductivity has been demonstrated in initial trials made with Ce and Ba [18], with Ce 
and Yb [19, 20] and La and Ce [21]. 
5.1.4.2 Influence of Nanometer Size Grains 
                  Provided that effective mass of carriers is large, we might potentially achieve a 
net benefit in ZT by boundary scattering, under the condition that mean-free path of 
phonons is comparable or even larger than that of the carriers. Due to their large effective 
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masses, filled skutterudites are excellent candidates. First attempts in this direction [22] 
have made in binary skutterudites. Although reduction in the thermal conductivity has 
been achieved, the actual size of grains in the experiment was not smaller than 100 nm. 
Besides, another issue stems from the requirement to consolidate the nanopowders at 
high temperatures and pressures, conditions that are susceptible to grain growth. 
Ingenious ways must be devised to prevent grain growth such as to fulfill the goal of 
nano approach. 
5.1.5 Task of This Chapter 
                 Inspired by the nanostructure idea, a very promising way to further improve ZT 
in the skutterudites system, we introduced our method of ball milling and direct-current 
hot press. Hopefully even the lattice thermal conductivity will be reduced and thus the ZT 
will be further enhanced due to increased boundary scattering of the nanograins. 
Specifically we were focusing on p-type skutterudites with the composition 
RFe3.5Co0.5Sb12, where R is the filler element, such as La, Ce, Nd and Yb. Transport 
properties of materials with the composition RFe3.5Co0.5Sb12 will be presented. 
NdFe3.5Co0.5Sb12 turned out to have the best performance among these fillers. Since great 
reductions in the lattice thermal conductivity do not necessarily require full occupancy of 
the voids [23], we also checked the properties of NdxFe3.5Co0.5Sb12 (x<1). The effect of 
double filling was investigated as well.  
5.2 Experimental Procedures and Microstructures 
                  Consider the material CeFe3.5Co0.5Sb12 as an example to illustrate the 
experimental procedures. Pure elements of cerium, iron, cobalt and antimony were mixed 
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according to the stoichiometry CeFe3.5Co0.5Sb12 , loaded into a stainless steel jar (Spex jar) 
with stainless steel balls and then subjected to mechanical ball milling in the high energy 
SPEX SamplPrep 8000M Mixer/Mills for about 15 hours or longer. The as-milled 
nanopowder was pressed into pellets by the direct current hot press method in a graphite 
die. During hot press, the sample was held at 600 oC for 5 minutes and then held at 700 
oC for 2 minutes. The pressure was kept at 80 MPa constant throughout the press. Before 
measurement, we generally annealed the sample at 550 oC for 2 hrs in a flowing argon 
environment to promote full alloying of the sample and thus avoid evaporation of single-
phase elements or impurity phase from inside sample during measurement. Because 
nanopowders are very oxygen and moisture sensitive, all weighing and loading of the 
nanopowders were done in a glove box under highly purified argon.  
                    The XRD pattern of the ball milled nanopowders indicated that the majority of 
the powders were not alloyed after ball milling (Fig. 5.2.1 a). The broadened diffraction 
peaks indicate that the sizes of the particles are small. The mean size of the particles 
hover around 15 nm and was determined using the Scherrer equation.                
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 Fig. 5.2.1   (a) XRD pattern and TEM images with (b) low magnifications, (c) selected 
area electron diffraction rings and (d) high magnifications of as-ball milled 
CeFe3.5Co0.5Sb12  nanopowders after 20 hrs ball milling. (a) red line, blue line and green 
line corresponds to pure Sb, CoSb3 and pure Co, respectively.          
                    The low magnification (Fig. 5.2.1 b) TEM images show that the powder consists 
of particles ranging from 20 to 200 nm. However, the selected area electron diffraction 
rings (Fig. 5.2.1 c) obtained inside a single particle indicates that the individual particles 
are themselves polycrystalline. The high resolution TEM image (Fig. 5.2.1d) clearly 
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shows that the big particles consist of grains up to 20 nm in size, which agrees fairly well 
with the size calculated from the XRD spectra (Fig. 5.2.1 a).  
 
Fig. 5.2.2 (a) XRD pattern (b) SEM images and (c) TEM images of after-pressed 
CeFe3.5Co0.5Sb12 sample. (a) red line corresponds to pure CoSb3 standard pattern.  
                    Despite the fact that the nanopowder was not alloyed solely after ball milling, 
the powder was completely transformed into a single skutterudite phase after the dc hot 
press (Fig. 5.2.2 a). The now narrower diffraction peaks indicate some grain growth after 
hot pressing. Figure 5.2.2 b shows the SEM image of the dc hot pressed CeFe3.5Co0.5Sb12 
sample that demonstrated one of the highest ZT’s among all the compositions studied. 
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The average grain size is about 200-500 nm. There are some big grains which are as large 
as 1 μm, which is probably due to the grain growth from the alloyed portion of the 
powders during the hot press. Figure 5.2.2 C shows a low magnification TEM image of 
CeFe3.5Co0.5Sb12 sample, further indicating that the grain is about several hundred of 
nanometers in size, consistent with the SEM observation.  
                    For a general measurement procedure, the four-probe electrical conductivity (σ) 
and the Seebeck coefficient (S) were measured in a commercial system (ZEM-3, 
ULVAC-RIKO). The thermal conductivity (k) was measured using a laser flash system 
(LFA 457, Netzsch). 
5.3 Results and Discussions 
5.3.1 RFe3.5Co0.5Sb12 (R=Ce, La, Nd and Yb) 
                    The effect of different fillers on the thermoelectric properties of filled 
skutterudites with the composition RFe3.5Co0.5Sb12 (R stands for the filler element) was 
investigated. We prepared nanopowders of these four compositions by ball milling for 20 
hrs, and then using the direct current hot press method to consolidate the as-ball milled 
powder under same condition: holding at 600 oC for 5 minutes and holding at 700 oC for 
2 minutes, and eventually annealing the as-pressed sample at 550 oC for 2 hrs in the 
flowing argon environment before measurement.  
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Fig. 5.3.1 Temperature-dependent (A) electrical conductivity, (B) Seebeck coefficient, (C) 
power factor times temperature, (D) thermal conductivity and (E) ZT of dc hot pressed 
skutterudite RFe3.5Co0.5Sb12 (R=Nd, Ce, La and Yb) bulk samples. 
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                    The temperature-dependent thermoelectric properties of RFe3.5Co0.5Sb12 (R=Nd, 
Ce, La and Yb) are plotted in Fig. 5.3.1. In order to distinguish the multiple curves in Fig. 
5.3.1 and to keep the plot legible, we intentionally did not show the measurement error 
bars of each property. For our measurement set up, we have a 3% error on the value of 
the electrical conductivity, 5% on the Seebeck coefficient and 4% on the thermal 
conductivity.  
                    Figure 5.3.1 (A) shows that the electrical conductivity σ of all samples decreases 
with increasing temperature. YbFe3.5Co0.5Sb12 has the highest electrical conductivity 
among the four compositions. The electrical conductivities of CeFe3.5Co0.5Sb12 and        
La Fe3.5Co0.5Sb12 are the lowest and similar to each other. The positive Seebeck 
coefficients (Fig. 5.3.1 B) indicate that the holes are the dominant carriers. Samples with 
different fillers show a similar temperature dependence trend for the Seebeck coefficient 
from room temperature to 550 oC, with the maximum Seebeck coefficient occurring at 
500 oC (Fig. 5.3.1 B). The Seebeck coefficient decreases from (La, Ce), then Nd until Yb 
at the same temperature, consistent with the electrical conductivity increase from (La, Ce), 
then Nd until Yb. This behavior may be due to the increase in the carrier concentration. 
Because the electrical conductivity and Seebeck coefficient are compensating each other, 
there is not too much difference concerning the power factor of the four compositions 
(Fig. 5.3.1 C). The thermal conductivities (Fig. 5.3.1 D) of the four compositions follow 
similar temperature-dependence trends: they do not fluctuate too much up to 300 oC and 
continue to rise all the way to 550 oC. NdFe3.5Co0.5Sb12 has the lowest thermal 
conductivity with a minimum of 1.617 Wm-1K-1, which leads to the highest observed ZT 
value among all the samples studied in this work. At the moment, there are three factors 
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which contribute to the decrease in the lattice thermal conductivity: the rattling effect, 
point alloying scattering (Co replaced Fe) and enhanced boundary scattering by 
nanostructures. We cannot quantify which one is dominant in our samples.  
                     Figure 5.3.1 D shows the temperature-dependent ZT from room temperature to 
550 oC. ZT increases with temperature, reaches a maximum around 450 oC and then 
decreases a little bit from 450 oC to 550 oC. The highest ZT is observed for the 
NdFe3.5Co0.5Sb12 sample with its maximum value of 0.95 occurring at 450 oC. This is a 
high ZT value and comparable to that of the reported p-type filled skutterudites [24] 
made first by ingot formation, then followed by ball milling and hot pressing. 
                     From the commercialization point of view, the technique of combination of ball 
milling and then hot press is feasible for mass production in the sense that large amounts 
of materials can be synthesized in a very short period [25]. From the research prospective, 
this technique is also convenient for composition investigation, since the traditional 
procedure of melting takes much longer time. 
                    For future improvement, we need to resolve the issue of grain growth during 
press. If the grain size could be suppressed down to 10-50 nm, grain boundary scattering 
would be enhanced and lattice thermal conductivity would be even reduced. With a much 
lower thermal conductivity, a much higher ZT is very probable to achieve in this system. 
5.3.2 Effect of Partial Void Filling 
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Fig. 5.3.2 Temperature-dependent (A) electrical conductivity, (B) Seebeck coefficient, (C) 
power factor times temperature, (D) thermal conductivity and (E) ZT of dc hot pressed 
skutterudite NdxFe3.5Co0.5Sb12 (x = 0.8, 0.9 and 1) bulk samples. 
                    As discussed in Section 5.1.3, a large reduction in the lattice thermal 
conductivity of the filled skutterudites does not necessarily require a full or large 
fractional occupancy of the cages [9]. Polycrystalline samples of antimonide skutterudites 
with La filling were investigated to quantify their effect on the lattice thermal 
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conductivity [9]. It turned out that the greatest reduction in the lattice thermal 
conductivity was achieved in partial filling samples instead of fully filled ones, which is 
attributed to the random distribution of La in the voids as well as its rattling effect [9]. In 
addition, electronic properties of filled skutterudites may be adjusted by varying the 
filling fraction of filler atoms in the voids.   
                     Inspired by this idea, we prepared NdxFe3.5Co0.5Sb12 (x = 0.8, 0.9, 1.0) samples 
by the same procedure discussed in 5.3.1 to investigate the effect of partial filling on our 
skutterudite system. Since multiple phonon scattering mechanisms coexist in our system, 
we therefore need to distinguish the partial filling effect from other possible scattering 
mechanisms. In other words, other scattering mechanisms should influence our system 
equally except the partial filling effect. For this purpose, we choose the same composition 
matrix NdxFe3.5Co0.5Sb12 to equalize the rattling effect (Nd) and alloying scattering 
(Fe3.5Co0.5) among different samples. Also, all the samples were subjected to the same 
ball milling time: 20 hrs and we thus assume the same effect of boundary scattering.  
                    We show the transport properties of NdxFe3.5Co0.5Sb12 (x = 0.8, 0.9 and 1) bulk 
samples in Fig. 5.3.2. The electrical conductivities (Fig. 5.3.2 A) of x = 0.8 and 0.9 are 
similar and higher than that of x = 1.0 for the whole temperature range. The Seebeck 
coefficients (Fig. 5.3.2 B) of all three compositions are similar with each other in both 
values and trends except that the Seebeck coefficient of x = 0.8 is a little bit lower at 
elevated temperatures. The resulting powers factors (Fig. 5.3.2 C) of x = 0.8 and 1 are 
similar with each other and a little bit lower than that of x = 0.9. Figure 5.3.2 D shows the 
total thermal conductivities of all three samples. We do not individually plot the lattice 
thermal conductivity here. At least partially filling (x = 0.8 and 0.9) does not result in a 
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much lower total thermal conductivity in our system. Instead, the total thermal 
conductivities of both partial filling cases (x = 0.8 and 0.9) are higher than that of the full 
filling case (x = 1.0) for every measurement temperature. Since the ZT value (discussed 
below) already begins to decrease for x = 0.8, we do not explore for x < 0.8 cases. The ZT 
(Fig. 5.3.2 E) values of the x =0.9 and 1.0 concentration are similar to each other and 
higher than that of the x = 0.8 case. The peak ZT of the x = 0.8 case is only 0.75 at 450 oC.  
                    In summary, partial filling is not so successful in improving ZT for our 
NdxFe3.5Co0.5Sb12 system. We can try other filler elements (like Ce or La) to see whether 
we can improve the ZT of the “not fully filled” cases compared to that of the “fully filled” 
cases.       
5.3.3 Double Filling        
                 As discussed in section 5.1.4.1, a broader range of heat carrying lattice phonons 
would be scattered by multiple-filled skutterudites using different fillers. The lattice 
thermal conductivity would thus be greatly reduced and ZT would potentially be 
improved.  
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Fig. 5.3.3 Temperature dependent (A) electrical conductivity, (B) Seebeck coefficient, (C) 
power factor times temperature, (D) thermal conductivity, (E) lattice part of thermal 
conductivity, and (F) ZT of dc hot pressed skutterudite La0.9Yb0.1Fe3.5Co0.5Sb12 and 
LaFe3.5Co0.5Sb12 bulk samples. 
                    Since La and Yb differ most in mass and size within the rare earths elements, we 
investigate the transport properties of the double-rare earth-filled La0.9Yb0.1Fe3.5Co0.5Sb12 
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and single-rare earth-filled LaFe3.5Co0.5Sb12 in this work. Both samples were prepared by 
the same procedure introduced in Section 5.3.1. Precursor powders of both samples were 
subjected to the same ball milling time (20 hrs) to ensure the same grain size and thus the 
same boundary scattering effect on the lattice thermal conductivity.  
                    The temperature-dependent thermoelectric properties of La0.9Yb0.1Fe3.5Co0.5Sb12 
and LaFe3.5Co0.5Sb12 are plotted in Fig. 5.3.3. The electrical conductivity (Fig. 5.3.3 A) of 
the double-filled sample is higher than that of single-filled sample, while the Seebeck 
coefficient (Fig. 5.3.3 B) of the double-filled is lower than that of the single-filled over 
the whole temperature range, resulting in almost the same power factor (Fig. 5.3.3 C) 
from room temperature up to 550 oC.  The total thermal conductivity (Fig. 5.3.3 D) of the 
double-filled sample is similar to that of the single-filled sample from room temperature 
to 200 oC, after which the thermal conductivity of the double-filled sample is higher than 
that of the single-filled sample due to the faster increasing rate with respect to the 
temperature up to 550 oC. The electronic contribution to the thermal conductivity (κe) is 
calculated using the Wiedemann-Franz law using the Lorenz number equal to 2.44 × 10-8 
V2/K2. κL is obtained by subtracting κe from κ. This assessment of κL is only an 
approximation because one does not precisely know the Lorenz number, or its 
temperature dependence for this degenerate semiconducting system. Nevertheless, this 
approach has the virture of allowing cross-comparisons of existing κL values of 
skutterudites. The lattice thermal conductivity (5.3.3 E) of the double-filled samples is 
indeed lower but not too much lower than that of the single-filled sample from room 
temperature up to 400 oC, after which the lattice part of the double-filled sample is even a 
little higher than that of the single-filled sample. In summary ZT (Fig. 5.3.3 F) of the 
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double filled sample is similar to that of the single-filled sample and even lower at high 
temperatures.  
 
Fig. 5.3.4 Spring constant k and resonance frequency ω0 in the [111] and [100] directions 
of R0.125Co4Sb12, where R=La, Ce, Eu, Yb, Ba, Sr, Na, and K. [26] 
                    Theoretical calculations [26] indicate that the filler elements of filled 
skutterudites could be classified into three groups according to their respective resonant 
phonon frequencies: rare earths, alkaline earths, and alkalines. The phonon resonant 
frequencies are comparable for the filler elements within the same group; however, they 
might be significantly different across various groups [26]. This conclusion is further 
substantiated by our experimental results. The difference of resonant frequencies between 
La and Yb might be the largest within the rare earths elements (Fig. 5.3.4); however, they 
cannot further reduce lattice thermal conductivity compared to single-rare earth-filled 
skutterudites due to similar chemical composition of both elements. A greater reduction 
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of the thermal conductivity can be expected if we choose filler elements from different 
groups.  
5.4 Summary  
                 Filled skutterudites represent a fertile material system, leaving much room for 
further optimizing their thermoelectric properties. The presence of two voids in the 
structure offer us terrific opportunities to tune the electronic properties and, most 
importantly, depress the large lattice part of thermal conductivity by introducing foreign 
species atoms into the cages. Research efforts around the world have unequivocally 
indicated the perspective of skutterudites as medium temperature thermoelectric materials. 
For current status, the maximum figure-of-merit of skutterudites normally happens near 
500-700 K. As a result, they are typically used in the upper stages of segmented 
unicouples to achieve higher efficiency of thermoelectric devices.   
                    By applying our technique of ball milling and direct current hot press to the p- 
type skutterudites system, we have achieved a peak ZT of 0.95 at 450 oC in 
NdFe3.5Co0.5Sb12, which is comparable to that of the state-of-the-art ingot. Basically we 
are capable of preparing similar high-performance skutterudites in large quantities in a 
very short time. From a commercialization point of view, this technique can be extended 
from the lab-basis to the industry-basis. Additionally, the nanosize of the precursor 
powder leaves much room for further reduction of the thermal conductivity if grain 
growth can be prevented during hot press.  
                    Partial void filling provides another opportunity of improving ZT if we can find 
the right filler element and the right filling fraction. Double filling or even triple filling is 
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very promising as a means of reducing the lattice thermal conductivity, provided that the 
filling elements are selected from groups of different chemical structures.  
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Chapter 6 
Thermoelectric Properties of Half-Heusler Alloys 
6.1 Introduction 
            Thermoelectric (TE) power generators can be used to scavenge waste heat 
dissipated in industry applications and vehicle exhaust gas and convert them into 
electrical power, thereby improving the sustainability of our electricity base. Due to the 
relative high temperature (~ 500 oC) of exit gases in the hot side, medium-to-high-
temperature TE materials are preferred for waste heat recovery applications. Compared to 
other TE materials in this temperature range, half-Heusler alloys are very attractive due to 
their high thermal stability, mechanical sturdiness, non-toxicity and relatively cheap price.  
              The potential of half-Heusler alloys for high temperature power generation has 
been discussed [1, 2]. They have the cubic MgAgAs type structure, forming three 
interpenetrating face-centered-cubic (fcc) sublattices and one vacant sublattice [3]. Until 
recently reported p-type half-Heusler alloys are mostly based on formula MCoSb (M = Ti, 
Zr or Hf) [4-7] and best n-type half-Heusler alloys are based on formula MNiSn [1, 2, 8]. 
The high substitutability of three sublattice site provides many opportunities for tuning 
the electronic and lattice properties of half-Heuslers. Through flexible elemental 
substitution, the large lattice thermal conductivity, the downside of half-Heusler 
compounds, can be greatly reduced due to mass fluctuation and strain field effects [4-7], 
which are related to the mass and size differences between host and guest atoms. 
However, thermal conductivity of p-type half-Heusler alloys reported in these literatures 
[4-7] remains still very high (minimum more than 4 Wm-1K-1), which prevents ZT from 
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reaching even higher. Recently the research groups at University of Virginia and Clemson 
University have collaboratively achieved high ZT ~ 0.51 at 1000K in (Zr, Hf)Co(Sb, Sn) 
system [9]. Thermal conductivity of optimized composition (Zr0.5Hf0.5CoSb0.8Sn0.2) 
decreases gradually from 4.1 Wm-1K-1 at 300 K down to 3.6 Wm-1K-1 at 1000K [9], 
revealing still high lattice part of thermal conductivity. Besides alloy scattering via 
elemental substitution, boundary scattering can be introduced in order to further reduce 
the thermal conductivity [10]. There have been some reports [11-13] about reducing the 
thermal conductivity by decreasing the average grain size in half-Heusler alloys via 
mechanical (ball) milling, arising from the enhancement of the phonon scattering at grain 
boundaries of small grains. However, average sizes of half-Heusler alloys reported in 
these literatures [11-13] are still larger than 1 micron. Inspired by this, our motivation is 
to decrease thermal conductivity by further reducing grain size down to 100 nm without 
losing the electronic properties.  
              By ball milling alloyed bulk crystalline ingots into nanopowders and hot 
pressing them, B. Poudel et al. has demonstrated a high figure-of-merit in nanostructured 
bulk bismuth antimony telluride [14]. By applying the same technique to alloyed bulk p-
type half-Heusler ingots of optimized composition (Zr0.5Hf0.5CoSb0.8Sn0.2) [9], we expect 
to further decrease the lattice part of thermal conductivity while maintaining or even 
improving the electronic properties.  
6.1.1 Crystal Structure 
                 Heusler and half-Heusler alloys are among the best known intermetallic 
compounds with the former being represented by '2MM X and the latter by
'MM X , where 
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M and 'M  are metals, and X is normally Sb or Sn. In most cases, M denotes Ti, Zr or Hf 
and 'M  represents Co, Ni or Pd. Half-Heusler alloys crystallize in the isotropic cubic 
structure, consisting of four interpenetrating fcc sublattices with three filled and one 
empty. They differ from the Heusler phase in that four sublattices are all filled for the 
Heusler case. 
 
Fig. 6.1.1 Crystal structure of the half-Heusler (MgAgAs type) phase. For the case of 
ZrNiSn, Zr and Sn atoms are represented by large filled and unfilled circles respectively, 
while Ni atoms are denoted by small filled circles, which occupy half of the cubic 
interstices of the ZrSn substructure [1]. 
6.1.2 p-Type Half-Heuslers 
                While there are many options for P type half-Heuslers, we are mainly interested 
in MCoSb (M=Ti, Zr or Hf) based system, which shows promise as a p-type material [9] 
and could be coupled with MNiSn (n-type) for power generation purpose from medium 
to high temperature ranges. For the undoped cases, TiCoSb shows resistivity of 
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semiconductor behavior and a large Seebeck coefficient [15] while ZrCoSb and HfCoSb 
exhibit semimetallic-like resistivity and hence low Seebeck coefficient [4]. For HfCoSb, 
the Seebeck coefficient is equal to -10 μV/K at room temperature [4]. Though the 
undoped materials do not show promising results due to deviation from the optimum 
carrier concentration range, it has been reported that adequate doping through elemental 
substitution may result in robust p-type materials [5-7, 9, 16-18].  
                     Of special importance, I want to emphasize here that recently the research 
groups at University of Virginia and Clemson University have collaboratively achieved 
high ZT ~ 0.51 at 1000K in Zr0.5Hf0.5CoSb0.8Sn0.2 [9], which is exactly the composition I 
started from for p-type.  
      6.1.3 n-Type Half-Heuslers 
                 Due to the large Seebeck coefficients [1, 2, 8], the MNiSn (M=Ti, Zr or Hf) 
system shows excellent candidates for n-type half-Heusler materials. Similar with p-type 
half-Heuslers, electronic and thermal properties can be tuned flexibly by elemental 
substitution at three sublattice sites. For instance, MNiSn system can be transferred from 
semiconducting regime to semimetallic regime by doping the Sn site with Sb, resulting in 
decent power factor [19]. The large lattice thermal conductivity [1] can be greatly 
reduced by either presence of Ti, Zr and Hf at the M site or substituting Pd and/or Pt at 
the Ni site, arising from mass fluctuations and strain field effects [20, 21]. 
                    Recently, Shen et al. reported ZT≈0.7 at 800 K in Zr0.5Hf0.5Ni1-xPdxSn0.99Sb0.01 
[20], while Sakurada and Shutoh reported ZT in excess of 1.4 at 700 K in 
(Zr0.5Hf0.5)0.5Ti0.5NiSn1-ySby [22]. Unfortunately, the latter result could not be reproduced 
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by another group [23] mainly due to a disagreement between the thermal conductivity 
values. Culp et al reported a high ZT of ~0.8 at 800 oC for Hf0.75Zr0.25NiSn0.975Sb0.025 
[23]. 
6.1.4 Experimental Procedures 
                    Traditionally, half-Heusler ingots were synthesized by arc melting appropriate 
amounts of the constituent elements under argon [1]. The weight loss during experiments 
turned out to be less than 1% [1]. Then a two-step annealing was carried out to 
homogenize the alloys and promote the ordering of the crystal structure.   
6.1.5 Task of This Chapter 
                 By ball milling alloyed bulk crystalline ingots into nanopowders and hot 
pressing them, Dr Bed Poudel et al. has demonstrated a high figure-of-merit in 
nanostructured bulk bismuth antimony telluride [14]. By applying the same technique to 
alloyed bulk half-Heusler ingots, we expect to further decrease the lattice part of thermal 
conductivity while maintaining or even improving the electronic properties. A ZT value 
of ~0.5 for p-type (original) ingot [9] and that of ~0.8 [23] for n-type suggest that both 
ingots are good TE materials to start with.  
                   The ball milling time effect on the microstructure, thermal conductivity and thus 
ZT of the p-type half-Heusler samples is the main focus of this chapter. Data of different 
press temperatures and holding time for the p-type samples are also presented to show the 
optimization process. We also demonstrate the thermal stability of the p-type sample by 
re-measuring it at high temperature and comparing the data with that of the first 
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measurement. Due to limited time, little work was done on the n-type half-Heusler. More 
work is under way to optimize the composition and experimental conditions of the n-type 
half-Heusler samples.  
6.2 p-Type Half-Heuslers 
6.2.1 Experimental Procedures 
                 In a typical experiment, about 38g of alloyed ingot with the composition 
Zr0.5Hf0.5CoSb0.8Sb0.2 was loaded into a stainless steel jar (Spex jar) with two stainless 
steel balls and then subjected to mechanical ball milling in the high energy SPEX 
SamplPrep 8000M Mixer/Mills. For different ball milling time intervals, a very small 
amount of powder was taken out for TEM size investigation before pressing. 
Correspondingly, ~2.5 g as-milled powder was pressed into pellets by the direct current 
hot press method in a graphite die. Both SEM and TEM images of after-pressed bulk 
samples were taken to identify grain growth. During the hot press, the sample was held at 
1050 oC for 2 minutes. The pressure was kept 104 MPa initially and then maintained at 
120 MPa at the press temperature.  
                    As a general measurement procedure, the thermal diffusivity was measured first, 
using a laser flash system (LFA, Netzsch). A single bar was then cut from the measured 
disk and the four-probe electrical conductivity and the Seebeck coefficient were 
measured using a commercial system (ZEM-3, ULVAC). The specific heat was 
determined by a commercial instrument (DSC 200-F3, Netzsch Instruments, Inc.). The 
volume density of the sample was measured by the Archimedes method. The thermal 
conductivity was then calculated as the product of the thermal diffusivity, specific heat 
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and volume density. Considering the isotropic characteristics of structure, we felt it was 
safe to calculate ZT using the individual property values as explained above. A 
degradation test was also carried out to ensure that there was no degradation of the power 
factor before and after measurement.  
6.2.2 Ball Milling Time 
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Fig. 6.2.1 Temperature-dependent (A) electrical conductivity, (B) Seebeck coefficient, (C) 
power factor times temperature, (D) total thermal conductivity, (E) lattice part of thermal 
conductivity and (F) ZT of hot pressed p-type half-Heusler bulk samples of different ball 
milling times: 0.5h, 2h, 6h, 13h, 20h in comparison with that of the original ingot [18]. 
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                    The temperature-dependent thermoelectric (TE) properties of dc hot pressed 
Zr0.5Hf0.5CoSb0.8Sb0.2  bulk samples of different ball milling times, compared with that of 
the original ingot, are plotted in Fig. 6.2.1. Examination of the effects of different ball 
milling times on the TE properties was carried out on the Zr0.5Hf0.5CoSb0.8Sb0.2  ingot in 
order to capitalize on the reduced thermal conductivity which resulted from the boundary 
scattering (due to different grain sizes). For all of the samples examined, the temperature-
dependence of the electrical conductivity was found to exhibit semimetallic or degenerate 
semiconductor behavior (Fig. 6.2.1 A). Specifically, the electrical conductivities of all our 
ball-milled samples are lower than that of the ingot and show the trend of decreasing with 
increasing ball milling time, except the case of 0.5h. There is some issue related to the 
0.5h sample due to the relatively lower density of that sample. Hence the grain boundary 
scattering also affects the electron transport in our nanostructured samples because the 
charge carriers are also scattered by numerous interfaces. Longer ball milling times give 
rise to smaller average-size grains and thus increase the number of grain boundaries, 
which act as scattering centers to reduce the carrier mobility. Electrical conductivities of 
our ball-milled samples decrease slowly at the higher temperature range, and eventually 
become comparable in magnitude to that of the ingot. The presence of potential barriers 
due to many interfaces also assists in the scattering of electrons with energies less than 
the barrier height. The Seebeck coefficients (Fig. 6.2.1 B) of our ball milled samples are 
~35% higher than that of the ingot for the whole temperature range, with the 6h, 13h and 
20h samples exhibiting similar Seebeck coefficients. We suspect the great improvement 
in Seebeck coefficient is mainly due to the energy filtering effect caused by the embedded 
nanostructures, where low energy carriers are preferentially scattering and the Seebeck 
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coefficient is therefore enhanced. As a result of the great improvement in the Seebeck 
coefficient and a slight decrease in the electrical conductivity, the power factor times 
temperature (Fig. 6.2.1 C) of our ball milled samples are much higher than that of the 
ingot, and the difference increases with increasing temperature. The total thermal 
conductivity of our ball milled samples (Fig. 6.2.1 D) decreases gradually with 
temperature up to 500 oC and does not change too much after that. Except for the 0.5h 
sample, the thermal conductivity of our ball milled samples decreases consistently with 
increasing ball milling time, with the total thermal conductivity of the 2h sample being 
almost same as that of the ingot. The moderate reduction of the thermal conductivity in 
our ball milled nanostructured samples compared with the ingot is mainly due to the 
increased phonon scattering at the numerous interfaces of the random nanostructures. To 
get a quantitative view of the effect of different ball milling times on phonon transport, 
the lattice thermal conductivity (κl) was estimated by subtracting the electronic 
contribution (κe) from the total thermal conductivity (κ). The electronic contribution to 
the thermal conductivity (κe) can be estimated using the Wiedemann-Franz law with the 
Lorenz number (we use 2.4 × 10-8 W Ω K-2 for calculation). Within expectation, the 
lattice part of thermal conductivity (Fig. 6.2.1 E) decreases with increasing ball milling 
time, which is mainly attributed to the smaller average grain size observed from the 
microstructure images. The lattice thermal conductivities of the 0.5h and 2h samples are 
surprisingly higher than that of the ingot, which we attribute to the bigger bipolar part 
included in the calculation of lattice part. For the ingot sample, we obtained κe = 0.786 
W/(mK) and κl = 3.254 W/(mK) at room temperature with an electrical conductivity σ = 
1.07 × 105 S/m, whereas for the 13h ball milled sample κe = 0.64 W/(mK) and κl = 2.754 
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W/(mK) at room temperature with σ = 8.89 × 104 S/m. The lattice thermal conductivity 
of the 13h sample at room temperature is about 15% lower than that of the ingot, which is 
mainly due to a stronger boundary scattering in the nanostructured sample. It appears that 
the lattice part still constitutes a large portion to the total thermal conductivity. If 
ingenious ways are devised to control the average grain size below 100nm during press, 
the thermal conductivity can be expected to be further reduced. The greatly boosted 
power factor, coupled with the moderately reduced thermal conductivity, makes the ZT 
(Fig. 6.2.1 F) of our ball milled samples greatly improved compared to that of the ingot. 
Except for the 0.5h sample, the peak ZT of our ball milled samples reached ~0.8 at 700 
oC, showing promise as a robust p-type material for high temperature applications. A 
marked improvement in ZT ranging from 62%-89% was observed in the 13h sample for 
the whole measurement temperature range.  
Microstructures 
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Fig. 6.2.2 Low (A), medium (B) and high (D) magnification TEM images of the 13h ball 
milled nanopowders. Part (C) shows the selected area electron diffraction pattern of (B). 
                    From the TEM image of the as-prepared nanopowders, shown in Fig. 6.2.2 A, 
we can see that the average particle size of the nanopowder ranges from 20 nm up to 500 
nm. However, those particles are actually agglomerates of much smaller ones. Figure 
6.2.2 B and 6.2.2 C show the TEM image of the (corresponding selected area) electron 
A B
C D
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diffraction pattern of those typical particles, which indicate that the particles are actually 
composed of many small ones. It is also confirmed by HR-TEM, as shown in Fig. 6.2.2 D, 
that the sizes of the small particles are in the range of 5-10 nm.  
                    Figure 6.2.3 A shows a low magnification TEM image of the as-pressed 
nanostructured sample from the 13h ball milled powder. As we can see, grain sizes are in 
the range of 50-300 nm with the estimated average size being about 100-200 nm. 
Therefore there is some significant grain growth during hot press. The selected area 
electron pattern (inset of Fig. 6.2.3 A) of an individual grain indicates that the individual 
grains are single-crystallilne. The high resolution TEM image (Fig. 6.2.3 B) demonstrates 
excellent crystallinity inside individual grains. Fig. 6.2.3 C shows one nanodot embedded 
inside the matrix, with fuzzy boundaries. The compositions of both the nanodot and its 
surrounding areas are checked by EDS, showing rich Hf and deficient Co for the nanodot. 
Grain of small size (~ 30 nm) are also typically distributed (Fig. 6.2.3 D), which have 
similar composition as the surrounding bigger grains determined by EDS. 
                     Fig. 6.2.4 shows low magnification SEM images of as-pressed bulk samples 
from nanopowders of different ball milling times. It is clear that there is much lower 
chance of big chunks remaining as ball milling is increased. In other words, the average 
grain size becomes smaller with increasing ball milling time. Large chunks, on the order 
of tens of microns, remain dominant in the 0.5h and 2h samples. Uniformly distributed 
grain sizes up to 2-3 microns were observed for the 6h sample. The 13h sample mainly 
consisted of small particles about a few hundred nanometers in size, with some areas still 
being occupied by micro-size grains. Only big grains (up to submicrons) were observed 
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in the 20h sample, and were very sparsely distributed. Otherwise, most parts are occupied 
by uniformly distributed small particles.  
 
Fig. 6.2.3 TEM images of as-pressed nanostructured samples from the 13h ball milled 
powder. 
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Fig. 6.2.4 Low magnification SEM images of as-pressed bulk samples from nanopowders 
of different ball milling times (A) 0.5h, (B) 2h, (C) 6h, (D) 13h and (E) 20h. 
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Fig. 6.2.5 High magnification SEM images of as-pressed bulk samples from 
nanopowders of different ball milling times (A) 0.5h, (B) 2h, (C) 6h, (D) 13h and (E) 20h. 
                     Figure 6.2.5 shows high magnification SEM images of as-pressed bulk samples 
from nanopowders of different ball milling times. Consistent with the low magnification 
SEM images, the trend of decreasing grain sizes with increasing ball milling time is 
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evident. For the 0.5h sample, although the size of the majority grains is on the order of 
tens of microns, small particles on the order of about a few hundred nanometers start to 
appear; more importantly, there are many even smaller nanoparticles dispersed which 
cannot be observed clearly by SEM. As the ball milling time increases, big chunks are 
gradually broken into small particles. From the 20h sample, we can see that the particles 
are uniformly small, ranging from 100 nm to 200 nm, from which the micron-sized big 
chunks can be barely observed.  
6.2.3 Press Temperature 
              To investigate the effect of press temperature on the thermoelectric properties, 
we pressed the 20h ball milled powder samples at 960, 1000, 1040 and 1070 oC 
respectively for 2 minutes. The pressure was kept at 104 MPa initially and 120 MPa 
during press temperature.  
                     Figure 6.2.6 shows the thermoelectric properties of as-pressed bulk samples 
pressed from the 20h ball milled nanopowders at different temperatures. The resistivity of 
the sample pressed at 960 oC was much higher than that of the samples pressed at 1000 
oC, 1040 oC and 1070 oC. These resistivities are quite similar with that of the ingot. The 
Seebeck coefficients of the samples pressed at different temperatures are very similar 
with each other as well, and much higher than that of the ingot for the whole temperature 
range (Fig. 6.2.6 B). As a result, the power factor times temperature (Fig. 6.2.6 C) of 
samples pressed at different temperatures are much higher than that of the ingot, except 
for the sample pressed at 960 oC. The total thermal conductivity (Fig. 6.2.6 D) increased 
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with increasing press temperatures, which makes sense because grains grow bigger at 
higher temperatures.  
 
Fig. 6.2.6 Temperature-dependent (A) resistivity, (B) Seebeck coefficient, (C) power 
factor times temperature, (D) total thermal conductivity, (E) ZT of hot pressed p-type 
half-Heusler bulk samples pressed from 20h ball milled nanopowders at 960, 1000, 1040 
1070 oC respectively, in comparison with that of the original ingot [18]. 
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                     The ZT’s (Fig. 6.2.6 E) of samples pressed at 1000 oC and above are much 
higher than that of the ingot, with peak values reaching 0.8 at 700 oC. The ZT of the 
sample pressed at 960 oC is inferior to that of samples pressed at higher temperatures. 
Thus it is better to press at 1000 oC and above to ensure the best performance of the 
sample. For our normal routine, the press temperature for the p-type half-Heuslers is 
1050 oC. 
6.2.4 Holding Time 
                    The holding time is an important parameter to optimize during press. We pressed 
one sample at 1050 oC for 6 minutes and another sample at 1040 oC for 2 minutes to 
check their property difference. The 1050 oC × 6 minutes sample has a 5-10% lower 
resistivity (Fig. 6.2.7 A), almost the same Seebeck coefficient (Fig. 6.2.7 B), a 5-15% 
higher power factor times temperature (Fig. 6.2.7 C) and a 2-7% higher thermal 
conductivity (Fig. 6.2.7 D) compared with the 1040 oC × 2 minutes sample, resulting in 
very similar ZT values between the two samples (Fig. 6.2.7 E). For practical purposes, 
we normally use 2 minutes as the holding time during press. 
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Fig. 6.2.7 Temperature dependence of (A) resistivity, (B) Seebeck coefficient, (C) power 
factor times temperature, (D) total thermal conductivity and (E) ZT of as-pressed bulk 
samples with 2 minutes and 6 minutes holding time respectively.  
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electrical conductivity and the Seebeck coefficient. The purpose of the degradation test is 
to make sure that there is no power factor degradation after thermal diffusivity 
measurement up to 900 oC.  
                    The procedure of the degradation test is as follows: measurements were made on 
one bar up to 900 oC, then polished after cooling down and measured  again up to 900 oC. 
The bar was cut from the sample pressed at 1070 oC.  
 
Fig. 6.2.8 Temperature difference of (A) resistivity, (B) Seebeck coefficient and (C) 
power factor times temperature of sample pressed at 1070 oC between first (1070C) and 
second (1070_re) measurement.  
                   We can see that both the resistivity (Fig. 6.2.8 A) and the Seebeck coefficient (Fig. 
6.2.8 B) are exactly the same between first and second measurements. Thus we can safely 
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obtain the ZT by measuring the thermal conductivity up to a high temperature from the 
pressed disk, and then measuring the electrical conductivity and the Seebeck coefficient 
of the bar cut from the measured disk.  
6.3 n-Type Half-Heuslers 
6.3.1 Experimental Procedures 
                      In a typical experiment, about 38g of alloyed ingot was loaded into a 
stainless steel jar (Spex jar) with two stainless steel balls and then subjected to 
mechanical ball milling in the high energy SPEX SamplPrep 8000M Mixer/Mills for 20 
hours. About 2.6 g as-milled powder was loaded into a graphite die inside a glove box 
before hot press and then pressed into a pellet by the direct current hot press method. 
Three compositions were tried so far: Hf0.75Zr0.25NiSn0.995Sb0.005, Hf0.75Zr0.25NiSn0.99Sb0.01, 
Hf0.75Zr0.25NiSn0.975Sb0.025. During the hot press, the sample was held at 1040 oC for 2 
minutes. The pressure was kept 104 MPa initially and then maintained at 120 MPa at the 
press temperature.  
                     Same as p-type, we measured the thermal diffusivity using a laser flash system 
(LFA, Netzsch) first.  Then we cut one bar from the measured disk and measured the 
four-probe electrical conductivity and the Seebeck coefficient in a commercial system 
(ZEM-3, ULVAC). The specific heat was determined by a commercial instrument (DSC 
200-F3, Netzsch Instruments, Inc.). The volume density of the sample was measured by 
the Archimedes method. The thermal conductivity was then calculated as the product of 
the thermal diffusivity, specific heat and volume density. Considering the isotropic 
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characteristics of the structure, we feel confident that we can calculate ZT using the 
individual property values explained above.  
6.3.2 Microstructures 
 
Fig. 6.3.1 SEM image of as-pressed bulk n-type sample: Hf0.75Zr0.25NiSn0.975Sb0.025 
               Figure 6.3.1 shows SEM image of as-pressed bulk n-type half-Heusler sample 
with the composition: Hf0.75Zr0.25NiSn0.975Sb0.025. As shown in the figure, there is a wide 
spread of grain sizes from under one hundred nanometers up to submicrons. The average 
grain size is around 500 nm, which is much bigger than that of as-pressed p-type bulk 
samples. One noticeable feature is that there are many small particles dispersed among 
individual grains, which cannot be detected clearly by SEM and has the size smaller than 
100 nm. More TEM work is under way to quantify the size effect on the thermoelectric 
properties of n-type half-Heuslers.  
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6.3.3 Data and Discussions 
 
Fig. 6.3.2 Temperature dependence of (A) electrical conductivity, (B) Seebeck coefficient, 
(C) power factor times temperature, (D) thermal conductivity and (E) ZT of n-type half-
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Heusler samples of three different compositions:  Hf0.75Zr0.25NiSn0.995Sb0.005, 
Hf0.75Zr0.25NiSn0.99Sb0.01, Hf0.75Zr0.25NiSn0.975Sb0.025. (reference data are based on 
composition Hf0.75Zr0.25NiSn0.975Sb0.025). 
              As expected, electrical conductivities (Fig. 6.3.2 A) of our ball milled samples 
decrease with increasing ratio of Sn to Sb since Sb donates one more electron than Sn. 
For the same composition Hf0.75Zr0.25NiSn0.975Sb0.025, the electrical conductivity of our 
ball milled sample are slightly lower than that of the ingot, but the difference becomes 
smaller at elevated temperatures. More Hall effect data are required in order to quantify 
this difference. It also makes sense to see the Seebeck coefficients (Fig. 6.3.2 B) of our 
ball milled samples increase with increasing ratio of Sn to Sb due to carrier concentration 
considerations. For the same composition Hf0.75Zr0.25NiSn0.975Sb0.025, the Seebeck 
coefficient (Fig. 6.3.2 B) of our sample are a little bit higher than that of the ingot for low 
temperature ranges and similar to that of the ingot at high temperatures. Basically for the 
same composition we do not see in the n-type too much of a boost in the Seebeck 
coefficient compared with that of the ingot, as we observed in the p-type. The power 
factors times temperature (Fig. 6.3.2 C) of compositions Hf0.75Zr0.25NiSn0.99Sb0.01 and 
Hf0.75Zr0.25NiSn0.975Sb0.025 are a little bit higher than that of the ingot for low temperature 
ranges and comparable to that of the ingot at high temperatures. Due to much degradation 
in the Seebeck coefficient at high temperatures, the power factor times temperature (Fig. 
6.3.2 C) of composition Hf0.75Zr0.25NiSn0.995Sb0.005 is inferior to that of the other two 
compositions and ingot at high temperatures. Thermal conductivities (Fig. 6.3.2 D) of our 
ball milled samples decrease with increasing ratio of Sn to Sb, following the same trend 
of electrical conductivity (Fig. 6.3.2 A). For the same composition, thermal conductivity 
of our sample are much lower than that of the ingot (5 Wm-1K-1 compared to 7 Wm-1K-1 
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at room temperature) while the difference becomes smaller with increasing temperature. 
It should be noted here that even for the composition Hf0.75Zr0.25NiSn0.995Sb0.005 which 
has the lowest thermal conductivity, thermal conductivity is still too high. Considering 
the range of electrical conductivity, lattice part still constitutes a high part of thermal 
conductivity. Basically, peak ZT (Fig. 6.3.2 E) of 0.95 around 700 oC was achieved in 
composition Hf0.75Zr0.25NiSn0.99Sb0.01, 16% higher than that of the ingot. Especially at 
low or medium temperature ranges, ZT (Fig. 6.3.2 E) of composition 
Hf0.75Zr0.25NiSn0.99Sb0.01 is much higher than that of the ingot, which is very promising 
for medium-temperature power generation. ZT of composition Hf0.75Zr0.25NiSn0.995Sb0.005 
is almost the same as that of composition Hf0.75Zr0.25NiSn0.99Sb0.01 for temperatures up to 
500 oC, but smaller after 500 oC owing to early degradation of the Seebeck coefficient.  
               We have successfully achieved peak ZT of 0.95 around 700 oC in composition 
Hf0.75Zr0.25NiSn0.99Sb0.01 with ZT at medium or low temperatures being superior to that of 
the ingot, which opens bright future for half-Heusler alloys together with the results we 
obtained in p-type half-Heuslers. Finely tuning the composition around 
Hf0.75Zr0.25NiSn0.99Sb0.01, optimizing ball milling and press conditions and constrain grain 
growth during press might be useful for further improvement in n-type half-Heuslers.  
6.4 Summary 
               Recently half-Heusler alloys have exhibited potential as a new class of 
prospective thermoelectric materials for high temperature applications. Feasible 
elemental substitutions at all three sublattice sites in half-Heusler alloys offer us much 
flexibility in tuning and optimizing both electronic and thermal properties of these 
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compounds. Inspired by this, moderate ZT of both n- and p-type half-Heusler samples 
have been reported [9, 23]. However, there remains much room for further improvement 
owing to the large portion of the lattice contribution to the total thermal conductivity. 
Besides the alloy scattering, boundary scattering can be introduced to further depress the 
lattice thermal conductivity.  
               By ball milling alloyed bulk crystalline ingots into nanopowders and hot 
pressing them, we achieved a 62%-89% ZT enhancement for p-type samples, which is 
mainly due to the boosted Seebeck coefficient and partially due to the moderate reduction 
in the thermal conductivity. Peak ZT reaches 0.8 at 700 oC for p-type, 62% higher than 
that of the ingot. The effect of different ball milling times on the microstructure and thus 
on the thermoelectric properties of p-type samples was investigated in detail. Both low 
and high magnification SEM images show the trend of decreasing average grain sizes 
with increasing ball milling time, leading to the trend of decreasing thermal 
conductivities with longer ball milling time. Further improvement in ZT can be expected 
if average grain sizes can be inhibited down below 100 nm during press.  
                     By applying the same technique on the n-type half-Heusler ingot, we also 
successfully achieved peak ZT of 0.95 around 700 oC in composition 
Hf0.75Zr0.25NiSn0.99Sb0.01. Most importantly, enhancement in ZT compared to that of the 
ingot is most pronounced at medium or low temperatures, which might be very useful in 
waste heat recovery. Further improvement can be expected if grain size can be further 
reduced. 
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Summary 
   In order to achieve the best performance of a thermoelectric device, 
thermoelectric materials which have high average ZT over different temperature ranges 
are in great demand. High ZT values in nanostructured bulk bismuth antimony telluride 
have been demonstrated by ball milling either the alloyed ingots into nanopowders or a 
mixture of elemental chunks into alloyed nanopowders, and consolidating the 
nanopowders into bulk samples with nano features inside by direct current hot-press 
method. In my thesis work, this technique has been applied extensively to other 
thermoelectric materials (from low to high temperature), demonstrating the generality of 
this approach.  
          By ball milling alloyed bulk crystalline ingot into nanopowders and hot pressing 
them, we achieved a 62%-89% ZT enhancement for p-type half-Heusler samples, which 
is mainly due to the boosted Seebeck coefficient and partially due to the moderate 
reduction in the thermal conductivity. Peak ZT reaches 0.8 at 700 oC, 62% higher than 
that of the ingot. We attribute both the increase in the Seebeck coefficient and the 
reduction in the thermal conductivity to the increased number of grain boundaries due to 
smaller nano-sized grains. The thermal conductivities decrease with increasing ball 
milling time mainly because of enhanced grain boundary scattering with longer ball 
milling time arising from smaller average grain sizes, which further substantiates our 
nano-approach idea. By applying the same technique on the n-type half-Heusler ingot, we 
also successfully achieved peak ZT of 0.95 around 700 oC in composition 
Hf0.75Zr0.25NiSn0.99Sb0.01. Most importantly, enhancement in ZT compared to that of the 
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ingot is most pronounced at medium or low temperatures, which might be very useful in 
waste heat recovery applications. 
          Initially we were not successful in improving the ZT value of n-type BiTeSe 
samples mainly due to the simultaneous reduced power factor with the thermal 
conductivity, which arises from the ‘randomness’ of individual grains and anisotropic 
properties of the n-type BiTeSe single crystal. By repressing the as-pressed bulk samples, 
we can greatly enhance the power factor while not affecting the thermal conductivity too 
much by reorienting the ab plane of most of the small grains to the direction 
perpendicular to the press. A 22% improvement in the peak ZT from 0.85 to 1.04 at 125 
oC in n-type Bi2Te2.7Se0.3 has been achieved. Further improvement in ZT is expected by 
promoting more ab orientation into the disk plane.  
          By applying our technique of ball milling and direct current hot press to the p-
type skutterudites system, we have achieved a peak ZT of 0.95 at 450 oC in 
NdFe3.5Co0.5Sb12, which is comparable to that of the state-of-the-art ingot. Basically we 
are capable of preparing similar high-performance skutterudites in large quantities in a 
very short time. From a commercialization point of view, this technique can be extended 
from the lab-basis to the industry-basis. Additionally, the nanosize of the precursor 
powder leaves much room for further reduction of the thermal conductivity if grain 
growth can be prevented during hot press. 
 
 
 
